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ABSTRACT
The objectives of the thesis research are 1) to study the strain rate effect on the
deformation behavior of bulk-metallic glasses (BMGs), 2) to investigate the loading
mode effect on the fatigue behavior of BMGs.
The main results are obtained as follows. At room temperature, during the
inhomogeneous deformation, BMGs show the strain softening caused by the increase of
the free volume in the shear bands. However, BMGs have a high-energy state and trend
to crystallize, especially in the shear bands with the maximum shear stress and the
increasing temperature. The instability of BMGs makes it possible for strain hardening.
Thus, The deformation behavior of BMGs is affected by the stucture stability. The BMG
with a relatively worse thermal stability, the low crystallization activation energy and
high Avrami exponent would lead to the strain hardening phenomenon at the high strain
rate.
Loading modes affect the fatigue life, fatigue-endurance limits, and fracture
mechanisms of BMGs. Under four-point-bend fatigue, the fracture is an open-mode
fracture (Mode I). However, under compression-compression fatigue, the fracture is a
shear-mode fracture (Mode II). The fatigue life for the mode-I fracture is shorter than
that for the mode-II fracture. The tension stress can accelerate the fatigue failure, and the
compression stress can slow down the fatigue failure. The fatigue deformation and
failure mechanisms under the different stress states will be discussed. According to the
statistics analysis of the literature results, the fatigue failure probability of BMGs at a
specific stress ratio could be predicted using the Logistic Regression.
vi

Under static loading, shear bands generally form when the stress is higher than
the yield stress. Shear bands could also be observed when the maximum fatigue stress is
much lower than the yield stress, which could be caused by the fatigue softening. In
order to prove the fatigue softening, four-point-bend fatigue is investigated. Many shear
bands are observed on the tension and compression surfaces after fatigue test. However,
the distribution of the shear bands is different for the various sections of the four-pointbend-fatigue sample. The shear-band spacing is relatively small on the tension surface
within the inner pins. The shear-banding spacing is relatively large on the tension surface
between inner and outer pins. No shear bands are observed outside the outer pins. The
compression tests are investigated for the different sections after the four-point-bend
fatigue. It is shown that the strength is the lowest for the inner pins part, the highest for
the outside the outer pins part, and the medium for the part between inner and outer pins,
which gives the direct proof for the fatigue softening.
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CHAPTER 1: LITERATURE REVIEW
1.1

Formation of metallic glasses

1.1.1 Development of metallic glasses (MGs)
The atoms of a crystal arrange periodically and form a regular crystal lattice.
However, the atoms of a glass arrange disorderly, which form a specific glass structure
with the short and medium range orders but without the long range order.(1) As the
crystal grains become finer and finer, the boundary between a glass and nano-crystalline
solid is becoming blurred. Generally speaking, a solid without a long-range order above 1
- 2 nm can be considered as a glass.
The definition of a glass is based on the structure characteristics, not related to the
chemical bond. A glass could be formed through any kind of bonding, such as metallic,
covalent, ionic, or hydrogen bonding. A glass mainly formed through the metallic bond is
called metallic glass.(2)
The first synthesis of metallic glasses is in the Au-Si system by Duwez at Caltech
in 1960 using a rapid-solidification technique.(3) The significance of Duwez’s work was
that the developed rapid cooling techniques could provide a very high cooling rate of 105
– 106 K/s. Such a high cooling rate could constrain the nucleation and growth of
crystalline phases during the cooling process. Thus, the liquid configuration at high
temperatures could be frozen at room temperature. The metallic glass has the
fundamental scientific importance and potential engineering application, which attracted
increasing attentions.
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The study on metallic glasses gained an impressive progress between 1970s and
1980s. The continuous casting process was developed for the commercial manufacture of
metallic-glass ribbons and sheets.(4-5) One industrial application is an Fe-based metallicglass melt-spinning ribbon, which could be used as the iron core of transformers.(6) The
core loss made from the metallic glass is only one third of the normal electrical steel.
However, the high cooling rate restricted the metallic glass to a limited dimension, which
is difficult for much wider applications.
If the critical size is above 1 mm, the metallic glass is called a bulk-metallic glass,
abbreviated by BMG. The ‘bulk’ is defined arbitrarily. The first BMG was the ternary
Pd-Cu-Si alloy prepared by Chen in 1974.(7) They used a simple suction-casting method
to form millimeter rods at a significantly low cooling rate of 103 K/s. In 1982, the wellknown Pd-Ni-P BMG was prepared by Turnbull using a boron-oxide fluxing method to
purify the melt and eliminate the heterogeneous nucleation.(8) The BMG ingot with a
centimeter could be solidified at cooling rates of ~ 10 K/s. The formation of a Pd-based
BMG is very exciting. However, the high cost of the Pd element limits the investigation
only in the academic field, and the further interesting study faded gradually.
In 1980s, a variety of solid-state amorphous techniques, completely different
mechanisms from rapid quenching, were developed, such as mechanical alloying, ion
beam mixing, and inverse melting et. al. A variety of metallic glasses in the form of thin
films or powders can be obtained by inter-diffusion and interfacial reaction at
temperatures well below the glass-transition temperatures.(9)
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In the late 1980s, Inoue at Tohoku University and Johnson at Caltech find new
multi-component alloy systems consisting mainly of common metallic elements with
lower critical cooling rates. The systematical investigation on ternary alloys of La-Al-Ni
and La-Al-Cu shows that they have exceptional glass-forming ability (GFA).(10) The
fully glassy rods and bars with a thickness of several millimeters could be obtained just
by casting the alloy melt into water-cooling copper molds. Based on this method, the
researchers developed many multi-component bulk-metallic-glass compositions, such as
Zr-based, Mg-based, Cu-based, Fe-based, and so on. (11, 12, 13)

1.1.2 Thermodynamics
The Gibbs-free energy, G, of crystals and liquids is shown in Figure 1:1.(14) The
Gibbs free energy of a liquid has a relatively smaller slope than that of a crystal. Upon
cooling, the Gibbs-free energy of a liquid changes faster than a crystal. A liquid has the
same Gibbs-free energy with a crystal (Gl = Gx) at the melting temperature, Tm.
Meanwhile, the liquid has more entropy, S, than its crystal, which could be shown by:

ΔSm = Sl − S x =

ΔH m
Tm
(1:1)

where ∆Hm is the fusion enthalpy. When the temperature, T, is below Tm, the liquid is
undercooled and has a larger Gibbs-free energy than a crystal. The energy difference is
shown by:
T

T

Tm

Tm

ΔG = ΔGm + ∫ −ΔSdT = ∫ −ΔSdT
(1:2)
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The Gibbs-free-energy difference acts as the driving force for the crystallization of the
undercooled liquid. The entropy difference between the two states is described by:
T

ΔS = ΔSm +

∫

Tm

ΔC p
T

dT

(1:3)
where ∆Cp = Cp,l - Cp,x is the heat-capacity difference between a liquid and crystal. Since
a liquid has a high heat capacity, it loses entropy faster than the crystal upon cooling. As
the temperature drops continuously, there would appear a point at which the entropy of a
liquid is equal to that of a crystal. Kauzmann first pointed out this tendency. It is known
as the 'Kauzmann Paradox'.(15) The iso-entropic point is called a Kauzmann temperature,

Tk. The Kauzmann temperature is considered as the limit that a liquid cannot have lower
entropy than its crystal. Therefore, before reaching Tk, either glass transition or
crystallization has to occur in order to terminate the liquid state. In either case, the heat
capacity experiences an abrupt drop.
Basically, both Cp,l and Cp,x can be measured experimentally using a calorimetric
method or Electro Statics Levitation (ESL) technique.(16) The measurement of Cp,l
requires a high resistance of the undercooled liquid to crystallization. The melting
temperature, Tm, and the fusion enthalpy, ∆Hm, can easily be measured by the hightemperature calorimetry. Once the Cp,l, Cp,x (hence ∆Cp), Tm, and ∆Hm are known, the
difference of the Gibbs-free energy difference between the undercooled liquid and crystal
as a function of temperature can be calculated as follows:(17-18)
G = H − TS
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ΔG =

T
T'
ΔC (T '' )
ΔH m
T
−
T
−
dT
'
dT ''
( m ) ∫ ∫ p
Tm
T ''
Tm
Tm

(1:4)
It should be noted that the thermodynamic parameters are well-defined functions of
temperature and pressure, and do not depend on the cooling or heating rates used in the
experiment measurements.

1.2.3 Kinetics
For an undercooled liquid, the viscosity,η , is perhaps the most important kinetic
parameter because the relaxation time, shear-stress-relaxation time, and internalviscosity-equilibration time, are directly proportional to η , although the proportion
coefficient may be varied for different times.(19) Diffusivity, D, is inversely proportional
to the viscosity as shown by the Stokes-Einstein Equation 1:5:

D=

kT
3π lη
(1:5)

where k is the Boltzmann constant, and l is the average atomic diameter. The change of
the viscosity versus the temperature is the most important parameter for the kinetics of
the undercooled liquid.
There are several models to describe the equilibrium viscosity change of an
undercooled liquid as the temperature changes. The two most frequently used models are
the Vogel-Fulcher-Tammman (VFT) model and free-volume model. The free-volume
model will be discussed in the deformation mechanism of BMGs. The VFT model
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describes the change of the viscosity of the whole materials as the temperature increases.
Angell further modified the VFT, model and the viscosity is expressed as:(20-23)
⎛ DT0 ⎞
⎟
⎝ T − T0 ⎠

η ( t ) = η0 exp ⎜

(1:6)
whereη0 , D0, and T0 are three constants from fitting experiment data. Physically, η0 refers
to the viscosity extrapolated to the infinite temperature, and D is a 'strength' parameter.
The higher D is, the stronger the liquid is. T0 is an extrapolated temperature usually called
the VFT temperature at which the viscosity would diverge.
Figure 1:2 shows the change of log10 η verse Tg/T of many glass-forming liquids.

The linear line corresponds to an Arrhenius behavior. The curved lines suggest the
deviation from the Arrhenius behavior. The higher the curvature, the more the deviation
from the Arrhenius behavior, also called the more 'fragile' or less 'strong'. If η0 and T0 are
fixed in the VFT mode, a higher D corresponds to a lower curvature (a strong liquid).
Hence, D is normally known as the strength parameter of a liquid. The deviation from the
Arrhenius behavior is the slope of the log10 η versus Tg/T plot at the glass-transition
temperature, Tg:(24)
m=

DTgT0
d log10 η
|Tg = 0.434
2
d (Tg / T )
(Tg − T0 )
(1:7)

The larger the slope, m, the more fragile the liquid is. Therefore, m is called the
'fragility' of the liquid. Usually, fragile liquids have m > 100, and strong liquids have m
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in the range of 16 ~ 30. For some metallic glasses, such as Zr- and Pd-based BMGs, the
fragility typically values from 32 ~ 66.(25) However, for some poor metallic glassformers like Al-based alloys, the fragility may be higher than 200.(26) Fragility is only
the kinetic nature, and it is not expected to fully describe the glass-forming ability of a
liquid.

1.2.4 Classical theory for crystal nucleation and growth
When a liquid is cooled below its melting temperature, Tm, crystallization tends to
occur by the crystal nucleation and growth. The driving force is the difference of the
Gibbs-free energy between the liquid and the crystal. The interface between the two
phases tends to increase the system energy. So the total Gibbs-free-energy change caused
by the formation of nucleus is:

δ G = 4π r 2σ A −

4π r 3
ΔGV
3
(1:8)

where r, σ A , and ∆GV are the radius of the nucleus, the interfacial energy per area, and
the Gibbs free energy difference per volume. There is a maximum for δG corresponding
to a critical radius, rc:
rc =

2σ A
ΔGV

δ Gc =

16πσ A3
3ΔGV 2
(1:9)

The classical nucleation theory describes the nucleation rate, Iv, as the product of one
kinetic term and one thermodynamic term:(27)
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Iv =

⎛ 16πσ A3 ⎞
⎛ δG ⎞ A
exp ⎜ − c ⎟ = v exp ⎜ −
2 ⎟
η
⎝ kT ⎠ η
⎝ 3kT ΔGV ⎠

Av

(1:10)
where Av is a constant of the order of 1032 Pa s/m3 s for the homogeneous nucleation. The
VFT model could express the viscosity:
⎛ DT0 ⎞
⎟
⎝ T − T0 ⎠

η (T ) = η0 exp ⎜

(1:11)
The Gibbs free energy could be expressed by:

ΔG = ΔS m (Tm − T )
(1:12)
The classical growth theory describes the growth rate, u, as also the product of one
kinetic term and one thermodynamic term:

u=

kT
3π l 2η

⎡
⎛ ΩΔGV ⎞ ⎤
⎢1 − exp ⎜ − kT ⎟ ⎥
⎝
⎠⎦
⎣
(1:13)

where Ω is the average atomic volume. The first (kinetic) term was originally expressed
using the atomic diffusivity. The second term is the thermodynamic term.
As the temperature decreases from Tm, the viscosity will increases, which could
lead to the decrease of the growth rate more effectively than it does in the nucleation rate.
Based on Iv and u, the volume fraction, f, of the crystallized part of the undercooled liquid
as a function of time at the early stage of crystallization could be obtained by an integral:
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t
⎤
4π ⎡
f = ∫ I v ( t ' ) dt '
⎢ ∫ u ( t '') dt ''⎥
3 ⎣t'
0
⎦
t

3

(1:14)
where t' and t'' are the two time coordinates for the nucleation and the growth,
respectively. For an isothermal-crystallization process and no relaxation time, Iv and u are
independent of time, the volume fraction of crystal could be expressed:
3

t

4
1
f = π I v u 3 ∫ dt ' ( t − t ') = π I v u 3t 4
3
3
0
(1:15)
Therefore, the time required to crystallize a certain volume fraction of the liquid is given
by:
1/ 4

⎛ 3f ⎞
t =⎜
3 ⎟
⎝ π I vu ⎠

(1:16)
The critical value of fc = 10-6 could be set as the boundary between the 'crystallized' and
'not crystallized'. The time required to crystallize an fc fraction of the liquid at different
temperatures could be calculated using the above equation.
According to the classical theory of nucleation and growth, the time required to
reach the critical volume-fraction value at different temperatures could be calculated. The
time-temperature-transformation (TTT) diagram could be drawn according to the
calculated data. The TTT diagram shown in Figure 1:3 has a C shape with a nose at an
intermediate temperature, which corresponds to the minimum time required to reach the
critical volume fraction of a crystal at a specific temperature. If the cooling rate is lager
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than the critical cooling rate, Rc, the liquid could be formed as a metallic glass. The
critical cooling rate during an isothermal process is expressed by:(28)
Rc =

Tm − Tn
tn

(1:17)
Later Uhlmann and co-worker solved the continuous cooling problem by plugging the
time dependence, which is equivalent to the temperature dependence:(29)
dT = − Rdt

(1:18)
where R is the cooling rate. Assuming Iv and u to be constant, the crystallization volume
fraction, f, could be described by:
T
⎡
⎤
4π
f = 4 ∫ I v (T ') dT ' ⎢ ∫ uT '' dT ''⎥
3R Tliq
⎣T '
⎦

3

(1:19)
Tliq is the initial temperature where crystallization starts. The critical cooling rate can be
calculated as follows:
1/ 4

3
Tg
⎡
⎡Tg
⎤ ⎤
4
π
Rc = ⎢
I (T ') dT ' ⎢ ∫ u (T '') dT ''⎥ ⎥
⎢ 3 f c T∫liq v
⎥
⎣⎢ T '
⎦⎥ ⎦
⎣

(1:20)

1.2.5 Crystallization
Compared to the corresponding crystalline counterparts, a glass has a higher free
energy, which is metastable even if it possesses an excellent stability. Thus, a glass has a
tendency to change from a glass to crystalline state, which is called the crystallization
process. The transformation from a glass to crystalline state requires overcoming the
10

energy barrier. This kind of energy barrier could be provided by the input of the external
energy, such as the heat treatment or mechanical deformation.
On continuous heating, a glass will undergo a glass transition, which shows the
heat absorption. There are several kinds of methods to define the glass-transition
temperature (Tg). Generally, it is defined as the first inflection point in the differentialscanning-colorimetry (DSC) curve, which is the onset temperature of the heat capacity
(Cp) increase. As the temperature increase, a glass will crystallize with a heat release. The
beginning temperature of the heat-release peak is defined to be the crystallization
temperature (Tx). The temperature difference between the glass-transition temperature
and the crystallization temperature is called the supercooled liquid region (∆T). As the
temperature goes much higher, a heat absorption peak will appear. The beginning
temperature for this absorption peak is called the solidus-melting temperature (Tm). The
ending temperature for this absorption peak is called the liquidus-melting temperature.
The melting temperature of a glass is often referring to be the liquidus-melting
temperature (Tl). The ratio of Tg/Tl is defined as the reduced glass-transition temperature
(Trg). The crystallization process on heating is affected by the temperature, time, and
heating rate.(30)
The effect of the mechanical deformation on the structure change has two sides.
From one side, the mechanical deformation could drive crystalline solids far from their
equilibrium state by introducing structural or chemical defects. Crystalline alloys may
lose their long-range order and become amorphous. One application is the fabrication of
the metallic glass by ball milling. From the other side, the mechanical deformation could
11

also assist the atomic transport and evolution toward equilibrium. The crystallization
could happen by an atom displacement under the plastic deformation. The crystallization
caused by the mechanical deformation depends on the stress, strain, and strain rate.

1.2.6 Criteria of glass-forming ability (GFA)
Even if the critical cooling rate could be calculated and is directly related to the
GFA of a metallic glass, it is obviously not a convenient way to predict a best glassforming composition, since it requires a large amount of experimental data. In 1969, from
a cooling perspective, Turnbull proposed that the glass-forming tendency should increase
with the reduced glass-transition temperature, Trg. Tg generally has a weak dependence on
the composition, while Tl often decreases more strongly. Thus, the interval between Tl
and Tg generally decreases, and the value of Trg increases so that the probability of being
able to cool through the interval between Tl and Tg without the crystallization is enhanced,
that is, GFA is improved.(31) From a heating perspective, Inoue proposed that the glassforming tendency should increase with the supercooled-liquid region, ∆Txg. A large ∆Txg
value may indicate that the supercooled liquid can exist in a wide temperature range
without the crystallization and has a high resistance to the crystal nucleation and
growth.(11) Trg and ∆Txg could show some contrasting trends in many alloy systems. In
2002, Liu and Lu give a new gamma criterion, γ =

Tx
, and combine the cooling
(Tg + Tl )

and heating processes, which is more accurate for the reflection of the GFA of metallic
glasses.(32) Fan and Liaw further developed a dimensionless criterion, , expressed by

Trg(ΔTx/Tg)0.143, which is somewhat better than the gamma criterion.(33)
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1.2

Deformation

1.2.1 Deformation Mechanisms
1.2.1.1 Free-volume model (34)

The free volume is the excessive volume that atoms can freely move in which is
defined as the average atomic volume minus the average atomic volume in the ideally
ordered structure. It is a kind of measure of the departure from the ideally ordered
structure. The free-volume model is proposed by Spaepen in 1977.(34) It is assumed that
the macroscopic flow is a result of the number of individual atomic jumps. In order for an
atom to jump, it must have a nearest neighbor environment as shown in Figure 1:5.
Next to it there must be a hole large enough to accommodate its atomic volume,

ν*. The atomic positions before and after the jump are relatively stable with the minimum
local free energy. In order to make the atom jump, the activation-energy barrier of motion,
∆Gm, must be supplied. If there is no applied stress, the activation barrier is obtained from

the thermal fluctuations and follows the exponential distribution. The rates of forward
and backward jumps of an atom into the neighboring vacancy are the same. This is the
basic microscopic-diffusion mechanism. When a stress, such as a shear stress, is applied,
the activation-energy barrier that the atomic jumps is biased in the stress direction. The
number of forward jumps is larger than the number backward shown in the following
Figure 1:5. This trend results in a net forward flux of atoms and forms the basic
mechanism for a flow. If only a fraction of atoms jump, the shear-strain rate is the
fraction of atoms that make forward jumps per second. The strain rate could be shown:
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γ& = (fraction of potential jump sites)
×(net number of forward jumps on each of those sites per second)
(1:21)
The probability, p(v)dv, of finding an atom with a free volume between v and v + dv is
calculated to be:

p(v)dv =

α
vf

exp(−

αv
vf

)dv

(1:22)
where α is a geometrical factor between 1/2 and 1, and vf is the average free volume of an
atom. In order for an atom to be on a potential jump site, its free volume must be larger
than v*, the effective hard-sphere size of the atom. The total probability that an atom is on
a potential jump site is:

∞

α

v*

vf

∫

exp(−

⎛ α v* ⎞
)dv = exp ⎜ −
⎜ v ⎟⎟
vf
f ⎠
⎝

αv

(1:23)

∆f could be used to describe the flow inhomogeneity. For a homogeneous flow, all the
atoms contribute to the flow, ∆f = 1. For an inhomogeneous flow, the plastic flow
concentrates in a few very thin shear bands, ∆f << 1. The fraction of potential jump sites
could be shown:
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⎛ α v* ⎞
Δf exp ⎜ −
⎜ v ⎟⎟
f ⎠
⎝
(1:24)
The shear stress exerts a force to τa on an atom, where a is the projected area of the atom
onto the plane of shear. When this atom makes a jump of length, λ, the work is τaλ. λ is
roughly equal to an atomic diameter. Thus, the work done is τΩ where Ω is the atomic
volume. The net number of forward jumps per second can now be calculated as the
difference between a forward flux over an activation barrier, ∆Gm + ∆G/2, and a
backward flux over an activation barrier, ∆Gm - ∆G/2. The net number of forward jumps
per second per potential jump site is shown:

⎡

⎛ ΔG m − τΩ / 2 ⎞
⎛ ΔG m + τΩ / 2 ⎞ ⎤
exp
−
⎟
⎜−
⎟⎥
kT
kT
⎝
⎠
⎝
⎠⎦

υ ⎢exp ⎜ −
⎣

(1:25)
where v is the frequency of the atomic vibration (Debye frequency). Substituting
Equations (1:24) and (1:25) into (21) gives the strain rate description:

γ& =

⎡ αυ * ⎤
⎡ ΔG m ⎤
∂γ p
⎛ τΩ ⎞
= Δf exp ⎢ −
⎥ 2υ sinh ⎜
⎟ exp ⎢ −
⎥
∂t
⎝ 2kT ⎠
⎢⎣ v f ⎦⎥
⎣ kT ⎦
(1:26)

This is the general flow equation. For a homogeneous flow (∆f = 1) at low stress
levels (τΩ << kT), this equation leads to Newtonian viscous behavior, and the viscosity
expression can be derived:
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⎛ τΩ
2sinh ⎜
⎝ 2kT

η=

⎞ τΩ
⎟≈
⎠ kT

⎛ α v* ⎞
⎛ ΔG m ⎞
τ kT
=
exp ⎜
exp ⎜
⎟
⎟
⎜ v ⎟
γ& υΩ
⎝ kT ⎠
⎝ f ⎠

(1:27)
The diffusion coefficient in a three-dimensional random walk process is defined as D =

1/6Γλ2 where Γ and λ are the jump frequency and distance, respectively. Γ = (probability
that an atom is on a potential jump site) × (number of jumps an atom on this site makes
per second):

⎛ α v* ⎞
⎛ ΔG m ⎞
υ exp ⎜ −
Γ = exp ⎜ −
⎟
⎟
⎜ v ⎟
⎝ kT ⎠
f ⎠
⎝
(1:28)
The diffusion coefficient:

⎛ α v* ⎞
⎛ ΔG m ⎞ 2
1
υ exp ⎜ −
D = exp ⎜ −
⎟
⎟λ
⎜ v ⎟
6
⎝ kT ⎠
f ⎠
⎝
(1:29)
The Stokes-Einstein equation could be obtained by combining Equations (1:27) and
(1:29):
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Dη =

kT
6 (Ω / λ 2 )

(1:30)

1.2.1.2 Shear-Transformation-Zone Model (35)
In 1979, Argon proposed another plastic deformation mechanism in metallic
glasses, in which some ideas of the free-volume theory have been used.(35) In the sheartransformation mode, the fundamental unit underlying deformation must be local atoms
rearrangement that can accommodate shear strains called a 'local inelastic transition' or a
'shear-transformation zone (STZ)'. The STZ is a local cluster of atoms that undergoes an
inelastic shear distortion from one relatively low-energy configuration to a second lowenergy configuration by the applied stress with the assistance of thermal fluctuations.
There are two modes of thermally-activated shear transformations initiated around the
free-volume region. At high temperatures (0.6Tg < T < Tg), the transformation is a diffuse
rearrangement producing a relatively small local shear strain in a roughly-spherical
region. At low temperatures (T < 0.6Tg), the transformation is in a narrow disk-shaped
region and resembles closely the nucleation of a dislocation loop.

High-temperature mechanism: At a temperature below Tg, the free-volume state of the
structure remains largely frozen. In this range, the deformation is of an iso-configuration
and a large strain plastic flow is governed by the kinetics of the rearrangement of atoms
in regions around free-volume sites. To compute the specific form of the activation
process, it is assumed that the binding is largely metallic, the shear resistance of the
structure across a plane resembles that of a close-packed metal, and a good representation
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of this resistance can be substituted by a skewed sinusoidal curve shown in Figure 1:6.
Furthermore, for an operational ease, the linear and discontinuous form replaces a
smoothly varying skewed sinusoidal resistance.
The important parameters include: the interlayer shear resistance is the initial
slope, which it is taken to be equal to the shear modulus, μ, of the metallic glass, the ideal
shear resistance, τ, and the period, d is taken to be equal to the nearest neighbor distance
given by the position of the first peak in the radial-distribution function. The flow unit is
taken as a region of volume, Ωf, consisting of a free-volume site and its immediate
surroundings. It is assumed that under an applied shear stress, σ, a relatively diffuse
internal rearrangement of atoms around the free-volume site occurs as shown in Figure
1:7 and results in a local shear strain of γ0 in this region. In a shear transformation of this
type, a spherical region of size, Ωf, leads to the increment of the elastic-strain energy, ∆ε,
stored partly inside and partly outside the region in:

Δε =

7 − 5υ
μγ 0 2 Ω f
30 (1 − υ )
(1:31)

ν is Poisson’s ratio. The elastic-strain-energy increment is short lived, and that will be
dissipated soon after the transformation, resulting in a loss of the memory for the initial
state in the first region. The shear-strain rate could be given:
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⎛ Δε + γ 0τΩ f
kT
⎝

γ& = αγ 0υG exp ⎜ −

⎞
⎛ σγ 0Ω f ⎞
⎟ sinh ⎜
⎟
⎠
⎝ kT ⎠
(1:32)

The effect of a ‘back flux’ of a reverse transformation is also incorporated. νG is the
normal-mode frequency of the flow unit along the activation path. α is the numerical
constants, and the steady-state volume fraction of flow units contributes to the plastic
flow. The strain rate could be rewritten as:

Tg ⎞
⎛ σ ⎞ ⎛ Tg ⎞ ⎛ τ ⎞
⎟ sinh ⎜ ⎟ ⎜ ⎟ ⎜ A ⎟
T ⎠
⎝ τ ⎠⎝ T ⎠⎝ μ ⎠
⎝
⎛ 7 − 5υ
μγ Ω
τ ⎞
β = ⎜⎜
γ 0 + ⎟⎟ , A = 0 f
kTg
μ⎠
⎝ 30 (1 − υ )
⎛

γ& = αγ 0υG exp ⎜ − β A

(1:33)

τ/μ is the ideal elastic-shear strain at which the ideal shear strength is reached.
The strain-rate-sensitivity exponent is defined as:

⎛ ∂ ln γ& ⎞
m=⎜
⎟
⎝ ∂ ln σ ⎠T
⎛ σ ⎞⎛ T ⎞⎛ τ ⎞
⎛σ
= ⎜ ⎟ ⎜ g ⎟ ⎜ A ⎟ coth ⎜
⎝ τ ⎠⎝ T ⎠⎝ μ ⎠
⎝τ

⎞ ⎛ Tg
⎟⎜
⎠⎝ T

⎞⎛ τ ⎞
⎟⎜ A⎟
⎠⎝ μ ⎠
(1:34)

Low-temperature mechanism: According to the Bragg experiment and computer
simulation, the shear transformation at high stresses becomes more intense but narrow
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down to a region between two short rows of 4-6 atoms around a free-volume site shown
in Figure 1:8. This process is similar to the nucleation of a dislocation loop that does not
expand. This trend could be expected that high stresses permit the attainment of larger
local shear strains in small regions around free-volume sites. The energetically-favored
transformation configuration is in the shape of a thin disk containing the sheartransformation direction in its plane. The elastic-strain-energy increment, ∆ε, due to the
transformation is that of a circular dislocation loop with a radius of R:

μ ( Δx ) R ( 2 − υ ) ⎛ 4α R ⎞
Δε =
− 2⎟
⎜ ln
4 (1 − υ )
d
⎝
⎠
2

(1:35)

∆x is the relative shear displacement across the plane of the loop between a stable and an
unstable equilibrium position of the configuration under the combined effect of the
applied stress. The shear resistance of the structure, d, is the nearest neighbor distance in
the glass. The plastic-flow-strain rate becomes:
⎛ ΔG* ⎞
⎟
⎝ kT ⎠

γ& = γ&G exp ⎜ −

(1:36)

∆G* is the activation energy under a large applied shear stress, and γ&G has a very similar
composition and magnitude as the pre-exponential term for the high-temperature
mechanism.
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The classical free-volume model considers the deformation as a series of discrete
atomic jumps in the glass. These jumps are obviously favored near sites of a high free
volume because of the diffusion-like characteristics of the process. The characteristic
energy is of the order to the activation energy for diffusion, ~ 15 - 25 kTg. The STZ
activation energy corresponds to a subtle redistribution of many atoms over a diffuse
volume. The lower end of the range for the expected energy of an STZ operation is
similar to the characteristic energy of a free-volume model. The activation energy in the
free-volume model corresponds to a more highly localized atomic jump into a vacancy in
the glass structure. Since the deformation is driven by the local diffusion-like jumps, the
pressure gradient or normal stress could affect it. The free-volume model introduces a
simple state variable to the problem of the glass formation and allows constitutive laws to
be developed on the basis of competing the free-volume creation and annihilation through
a mechanism model. The STZ model could occur homogeneously throughout a glass
body. However the free-volume model causes the localized deformation. Although the
macroscopic-mechanism responses are different, the deformation mechanism is, at least
nominally, the same. The atomic-level mechanisms, including STZ and free-volume
models, form the basis for a more quantitative understanding of metallic deformation.

1.2.2 Elastic deformation
In general, the potential energy between two atoms can be described by:(37)

U ij = −

A B
+
rn rm
(1:37)
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where Uij and r are the energy and the distance between i and j atoms, respectively. A, n,
B, and m are constants. Two energy terms come from an attractive and repulsive
interaction and can be schematically represented as in Figure 1:9a. An equilibrium
position is achieved when Uij has a minimum value.
The relationship between the energy, U, and force, F, is:

Fij =

dU ij
dr
(1:38)

The forces that hold atoms together at the relative equilibrium locations can also be
divided into the attractive force and the repulsive force. Under the equilibrium condition,
atoms reside at r = r0, where U is a minimum, and F is zero shown in Figure 1:9b.
The stiffness, S, of the bond is defined as the slope of the F-r curve. The elastic
modulus is proportional to the stiffness and shown in Equation 1:39:

Modulus ∞ S =

d 2U
dr 2
(1:39)

From the slope change of the force versus distance in Figure 1:9b, the modulus will
decrease as the inter-atom distance increases. Generally, BMGs are elastically isotropic.
There are two independent elastic constants, including Young's modulus, E, and Poisson's
ratio, ν. From a more fundamental viewpoint, it is useful to consider the bulk modulus, B,
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and shear modulus, μ, representing the response to hydrostatic and shear stresses,
respectively. The bulk modulus involves the bond stretching or compression only, while
the shear modulus involves the bond distortion. Similar to crystals, a bulk modulus
increases with increasing the curvature of the inter-atomic potential energy well and
decreases with the increasing equilibrium separation between atoms. BMGs have a
slightly less density than its crystalline counterpart. The density difference is about 0.5 2.5%. Thus, on average, the inter-atomic spacing is slightly larger in a glass. Assuming
that the short-range order and cohesive force are not significantly different between two
structures, the bulk modulus of BMGs is less than that of its counterpart. The bulk
modulus of BMGs is typically about 6% smaller than for crystalline alloys of similar
composition. The response of BMGs to shear stresses is significantly different from that
of crystals. Shear modulus and Young's modulus of BMGs are about 30% smaller than in
the corresponding crystals. The local environment that influences the atomic
rearrangement in response to shear stresses causes the difference. BMGs have a wider
range of atomic environments and less dense structures, which is beneficial for the
macroscopic elastic strain.

1.2.3 Plastic deformation
The plastic deformation of BMGs is through the operation of STZs and the
redistribution of the free volume. The temperature, time, stress, applied strain rate, and
the glass condition affect it. From the time and space, the local mechanistic events can be
divided into the homogeneous and inhomogeneous deformation. The homogeneous
deformation could be divided into the steady-state flow without the structure change and
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non-steady state flow with the structure change during the deformation process, shown in
Figures 1:10 and 1:11, respectively. Constitutive laws for the homogeneous deformation
of BMGs become non-Newtonian at high stresses and high strain rates from the
Newtonian flow shown in Figure 1:10. This kind of transition could also appear by
decreasing the temperature. The deviation from the Newtonian behavior is corresponding
to the decrease of the rate sensitivity and flow stability.(38)
At very high stresses and lower temperatures, BMGs deform through localization
processes called an inhomogeneous flow. There are many strain-softening mechanisms,
including the local production of the free volume due to the plastic flow, the local
evolution of a structural order due to STZ operations, the redistribution of the internal
stresses associated with the STZ operation, and the local heat generation. These kinds of
strain-softening mechanisms lead to the stress decrease in the load versus displacement
curve. Besides the strain softening, the shear localization leads to the formation of the
serration in the load vs. displacement curve. During the displacement-controlled
experiment, the serrations are represented as load drops. During the load-controlled
experiment, the serrations are represented by the displacement bursts shown in the Figure
1:12. The shear localization could result in the formation of shear bands corresponding to
the serrated flow. The typical shear bands under bend and compression tests could be
shown in Figure 1:13. The formation of shear bands (an inhomogeneous flow) has
important practical consequences for the strength, ductility, toughness, and eventual
application of BMGs.(39-40)
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Much of the early work on shear bands involved the interaction about their
structures and properties from macroscopic observations. During cyclic-polarization
experiments, shear bands subjected to the chemical attack are more readily than the
surrounding un-deformed materials.(43) During the mechanical-property experiments,
deformation continues on the same shear bands that were previously active. Annealing
below Tg eliminates both of these effects, and also makes possible greater degrees of the
plastic deformation by repeated rolling-annealing cycles.(44) These phenomena could be
explained by the free-volume model, and the disruption of the atomic short-range order
inside the shear bands. The direct structural characterization of shear bands is desirable.
Transmission-electron-microscopy (TEM) observations indicate that the thickness of
shear bands are only 10-100 nm,(45-50) which is quite small in comparison with
adiabatic shear bands in crystalline metals, which are typically 10 - 100 μm.(51) From the
structural change, there is abundant experimental evidence that homogeneous and
inhomogeneous deformation is accompanied by the significant shear-induced dilation of
the structure. This dilatation is usually considered as a contribution to the plastic flow by
the reducing viscosity. The most straightforward evidence for dilation comes from
measurements of density changes of metallic-glass specimens after the plastic
deformation. Density decreases of about 0.1 - 0.2% have been observed from the
extensive inhomogeneous deformation of wire drawing and rolling.(52-53) These
observed values are large compared with those experienced by crystalline alloys, which
typically show only ~ 0.01% dilatation due to the plastic deformation but small in
comparison to many polymers. As it commonly assumed, if deformation and, thus,
dilatation are restricted to the shear bands, then by making reasonable approximations as
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to the number density and thickness of shear bands, the dilatation inside the shear bands
must be very large ~ 10%. It is interesting to note that if the stored plastic-strain energy in
metallic glasses is similarly ascribed only to the shear bands, the resulting strain-energy
density is also quite high.(54) Together, these observations raise the possibility that the
plastic deformation, even in the inhomogeneous region, may not be restricted to the shear
bands, or shear bands are more diffuse than usually thought. The free volume can be
measured indirectly but quantitatively by studying structural relaxation near the glass
transition using diamond-scanning calorimetry (DSC). The measurements show an
increase in the free volume with increasing the degree of the inhomogeneous deformation
consistent with the dilatation measurements. Positron-annihilation techniques are
powerful tools for studying open volume regions in solid materials. The technique on
metallic glasses shows that the plastic deformation resulted in an increase in the positron
lifetime, consistent with a greater degree of the open volume.(55) High-resolution TEM
could also be performed on the individual shear bands. Jiang and Atzmon reported that
excessive free volumes formed in shear bands on the initially tensile side of ribbons by
bending followed by unbending, but no voids on the initially compressive side of the
same ribbons. This trend indicates that the hydrostatic component of stress affects the
void nucleation. Besides the increase of the free volume in the shear bands, another
structure change in the shear bands is the formation of nano-crystalline phases. The
mechanism of crystallization in shear bands is debatable. It is possible that localized
heating of the shear bands causes crystallization.(56) However, Demetriou and Johnson
pointed out that elevated temperatures alone are not a sufficient explanation, because the
driving force for nucleation decreases with increasing temperature.(57) If there are no
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pre-existing nuclei to grow, it is not clear that the rapid heating and cooling inside a shear
band allow sufficient time for nucleation and, thus, crystallization. Again, the thickness
of shear bands is important because the strain rate and the thermal conductivity of the
alloy determine the time scale available for the crystallization.(57)

1.2.4 Deformation map
The plastic deformation could be shown in the deformation map, based on the
different deformation mechanisms. Spaepen first constructed a deformation map for a
metallic glass in 1977 on the basis of the free-volume-deformation theory shown in
Figure 1:14.(33)
The enlarged portion of the empirical deformation map shows the boundary
between the homogeneous and inhomogeneous regions. The bottom data of the diagram
are obvious all in the homogeneous-deformation region. The top data of the diagram are
in the inhomogeneous deformation region. From this deformation map, it could be drawn
that the temperature affects the inhomogeneity of the deformation of metallic glasses. A
high temperature contributes to the homogeneous deformation, and, a low temperature
contributes to the inhomogeneous deformation. The transition temperature is affected by
the viscosity. Meanwhile, the viscosity is affected by the strain rates. Thus, the transition
temperature from the inhomogeneous to homogeneous deformation should be affected by
the strain rate during deformation process.
In 2004, Schuh and Nieh did nano-indentation tests.(58) The load-depth (p - h)
curves are obtained at different temperatures and rates. The resulting non-dimensional
quantity, hdiscrete/hplastic, gives the fraction of the plastic deformation that can be attributed
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to discrete pop-in events for a given indentation. This parameter is an index of the flow
serration, being zero for a perfectly-homogeneous flow and unity for a perfectly-discrete
deformation. The flow-serration index can be divided into three categories corresponding
to heavily-serrated, moderately-serrated, and lightly-serrated (homogeneous) flows,
respectively. The deformation map for Pd-Ni-P and Mg-Cu-Gd metallic glasses is built
up according to the flow serration index shown in Figure 1:15. In this deformation map,
three distinct regimes of the flow characters could be observed. The lower right-hand
corner of the map shows the homogeneous flow (Homogeneous I) at high temperatures
near Tg. This regime gives away to a serrated flow as the temperature is reduced, or as the
strain rate increases. This behavior is expected on the basis of prior experiments and
theory to the glass deformation, and represents the transition from a viscous flow to shear
banding similar to the deformation in Spaepen.(33) The homogeneous-II regime is
observed at high strain rates for all of temperatures, although its boundary with the
‘inhomogeneous’ regime is clearly temperature dependent. This regime represents the
nominally unexpected homogenization of flows at high deformation rates.
Although Schuh gave the explanation about the second homogeneous deformation
regime, the physical plausibility has been debated because the inhomogeneous stress field
under a nano-indenter. Jiang did the investigation of the strain-rate effect on the plastic
deformation at room temperature under compression tests using small length/diameter
(l/d) ratio.(59-60) It is observed that the at high strain rates, the flow serration in the
compression stress-strain curves is smoother, which is in agreement with Schuh p-h
curves. It looks like that the plastic deformation of metallic glasses at high strain rate
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trends to be homogeneous. However, the ex-situ shear-band observations show that the
number of shear bands at high strain rates is fewer, and the shear-band spacing is larger,
which is defined as coarse shear bands. The number of shear bands at low strain rates is
more, and the shear-band spacing is smaller, which is defined as fine shear bands. From
this viewpoint, the deformation at high strain rates trends to be more inhomogeneous in
space, which is opposite to the deformation map of Schuh. Jiang further investigates the
stress-time curve. It is observed that within the same time period for different strain rates,
more shear bands happen at high strain rates. From this viewpoint, the deformation at
high strain rates trends to be more homogeneous in time, which is in agreement with
Schuh’s deformation map. The inhomogeneity of deformation generally is indicated by
the inhomogeneity in space. Hence, the Homogeneous II in Schuh’s deformation map is
superficial. The new revised deformation map is drawn in Figure 1:16 by Gao.(61)

1.2.5 Constitutive law of the inhomogeneous deformation
The formation of shear bands is a kind of materials instability. The HillHutchinson-Rice theory could show how the materials instability occurs shown in the
Figure 1:17.(61) When the stress reaches the peak stress, the stress increment should be
negative as the applied strain increases. This trend can be achieved by the entire solid
following the softening branch or by a scenario in which a thin plate further deforms
plastically but the surrounding material experiences elastic unloading. Assume that the
hardening branch has a material tangent, μ, and the softening branch has a material
tangent, μ*. The shear deformation can be written as:
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Δτ

μ

( λ − w) −

Δτ

μ*

w = λΔγ

(1:40)
when Δτ < 0 , the condition for a stable solution is μ * <

μw
. The two points, A and B,
λ−w

in Figure 1:17 are the two bifurcation points. During the plastic deformation, the strain
inside the shear bands jumps from A to B, and that outside the shear band follows the
elastic-unloading path. If the shear band width, w, is infinitesimally small, the onset of a
shear band occurs at the peak stress. The general theory of the bifurcation of a
homogeneous elastic-plastic-flow field into a band of localized deformation is developed
from the works of Hill, Hutchison, and Rice.(61) It is supposed that the localization
occurs in a thin planar band of a unit normal, n, the velocity gradient field, vij, inside the
band, and vij0, outside the band are different because of the kinematical restriction, which
is shown in Equation 1:41:

υij − υij 0 = gi ni
(1:41)
The continuing equilibrium requires:

niσ& ij − n jσ& ij 0 = 0
(1:42)
at an incipient localization, where σ& ij is the stress rate within the band, and σ& ij 0 is the
stress rate outside the band. The constitutive relation in a rate form is given by:

σ& ij = C ep ijklυk ,l
(1:43)
Combining the three equations above:
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(1:44)

To obtain the nontrivial solution, the determinant of the coefficient matrix must be zero.

det ( n • C e p ,n ) = 0
(1:45)
Based on the Hill-Hutchinson-Rice Theory and Free-volume model of metallic
glasses, Gao generalized the Spaepen's free-volume model to be a small strain, J2-type,
viscosity plasticity, and affected by the pressure. The characteristic time scale is given by
⎛ ΔG m ⎞
e
t * = f −1 exp ⎜
⎟ . The strain rate can be decomposed into an elastic, ε&ij , and a
⎝ k BT ⎠

plastic, ε&ij p , parts:

ε&ij = ε&ij e + ε&ij p
(1:46)
According to the Hook's law:

ε&ij e =

1 +ν
E

ν
⎛
⎞
σ& ijδ ij ⎟
⎜ σ& ij −
1 +ν
⎝
⎠
(1:47)

where δ ij = 0 when i ≠ j and δ ij = 1 when i = j . The repeated subscripts imply the
summation convention. ν is Poisson’s ratio, and E is the Young’s modulus.
The flow equation:
⎛ 1 ⎞
⎛σ ⎞ S
sinh ⎜ e ⎟ ij
⎟
⎜ v ⎟
⎝ σ0 ⎠ σe
⎝ f ⎠

ε&ij p = exp ⎜ −

(1:48)
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The deviatoric stress tensor is Sij = σ ij − σ kk δ ij / 3 , and its J2 invariant is the Misses stress,

σ e = 3Sij Sij / 2 .
The free-volume evolution:

v& f =

⎛ 1
exp ⎜ −
⎜ vf
α
⎝
1

⎞ ⎧⎪ 3 (1 − υ ) ⎛ σ 0
⎟⎟ ⎨ E ⎜⎜ β v f
⎠ ⎪⎩
⎝

⎞⎡
⎛σ
⎞ ⎤ 1 ⎫⎪
⎟⎟ ⎢cosh ⎜ e − 1⎟ ⎥ − ⎬
⎝ σ 0 ⎠ ⎦ nD ⎭⎪
⎠⎣
(1:49)

where σ 0 =

2 k BT

Ω

is the reference stress, β = υ

*

Ω

, and υ f =

vf

α v*

is the normalized

free volume.(61-62)

1.3

Fracture
The high strength of BMGs is often accompanied by the remarkably little plastic

deformation, and their fracture mechanisms are quite different from crystalline materials.
In general, the plastic deformation of BGMs is localized in the narrow shear bands,
followed by the rapid propagation of these shear bands and sudden fracture. However, the
fracture is affected by the loading modes.(63-70)

1.3.1 Fracture under static loading
The compression stress-strain curves are shown in Figure 1:18a. It can be seen
that the metallic-glass samples display an initial elastic-deformation behavior, and then
begin to yield at about 1.45 GPa, followed by the fracture. Obviously the metallic glass
can deform with certain plasticity under a compressive load. The compressive fracture
stress, σFC, reached 1.69 GPa. The yield stress, fracture stress, and the plastic strain are
not significantly affected by the applied strain rate. Figure 1:18b gives the tensile stress-
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strain curves. All the specimens display only an elastic deformation and catastrophic
fracture without yielding. The fracture stress, σFT, maintains a constant value of 1.56 1.60 GPa, independent of the strain rate. The average fracture stress is 1.58 GPa, which is
lower than the compression fracture stress.
The fracture surface under compression always occurs in a shear mode shown in
Figure 1:19. It is found that the angle between the stress axis and the compressive
fracture plane is ~ 43o shown in Figure 1:19a. The fracture surface is a vein pattern
displaying a typical shear-fracture feature shown in Figures 1:19b and c. The shear bands
are observed on the sample surface shown in Figure 1:19d. The fracture surface under
tension displays the mixed fracture with the Mode I due to the normal stress and Mode II
because of the shear stress. It is found that the angle between the stress axis and the
tensile fracture plane is ~ 54o shown in Figure 1:20a. Besides the vein-like pattern, there
are many round cores with different diameters on the whole surface shown in Figures
1:20b and c. The round cores are caused by the normal tensile stress. The vein-like
patterns are caused by the shear stress. The shear bands could be observed on the sample
surface. However, the density of shear bands under tension is lower than that under
compression shown in Figure 1:20d.
A possible fracture criterion for the metallic glass under compressive and tensile
loads could be shown in Figure 1:21. It is assumed that there is critical stress, τ0, regarded
as the critical shear stress without a normal stress. Then the critical shear-fracture stress
under a compressive stress could be shown:
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τ C = τ 0 + μC σ C
(1:50a)

μC is a constant for the metallic glass. The critical shear-fracture stress under a tension
stress could be shown:

τ T = τ 0 − μT σ T
(1:50b)

μC is another constant for the metallic glass. According to the shear-fracture criterion,
the critical shear-fracture conditions for metallic glasses could be obtained. For a
compressive stress,

τ θ C ≥ τ 0 + μCσ θ C
(1:51)

σ θ C and τ θ C are the normal and shear stresses on the shear plane at a compressive
fracture, respectively, shown in Figure 1:22.

σ θ C = σ F C sin 2 θ
(1:52)
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τ θ C = σ F C sin θ cos θ
(1:53)
For the tensile stress shown in Figure 1:22,

τ θ T ≥ τ 0 − μT σ θ T
(1:54)

σ θ T = σ F T sin 2 θ
(1:55)

τ θ T = σ F T sin θ cos θ
(1:56)
It is further derived that:

σ FC ≥

τ0
sin θ [ cos θ − μC sin θ ]
(1:57a)

σ FT ≥

τ0
sin θ [ cos θ + μT sin θ ]
(1:57b)
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It is apparent that the fracture stresses ( σ F C and σ F T ) are strongly dependent on the
shear angle, θ. There is a minimum value of the two fracture stresses at the angles of 43o
and 54o for the compressive-fracture stress and the tensile-fracture stress, respectively
shown in Figure 1:23. The minimum stress under compression is higher than the
minimum stress under tension, which corresponds to the higher compression strength.
The critical yield stresses on the compressive and tensile fracture planes could be
calculated from:

τ Y C = σ Y C sin θC cos θC = 0.73 GPa
(1:58a)

τ Y T = σ Y T sin θT cos θT = 0.75 GPa
(1:58b)
The yield shear stresses on the fracture plane under compressive and tensile
stresses are nearly the same. However, due to the difference in the deformation modes,
the normal tension stress will promote the fracture of metallic glasses, which results in
the simultaneous occurrence of yield and tensile fracture. The normal compression stress
can restrain the activation of shear bands. The fracture of metallic glasses occurs by the
propagation of shear bands and the formation of new shear bands, which leads to the
better ductility under compression.(71-73)
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1.3.2 Fatigue failure under cyclic loading
The typical fatigue failure under tension-tension cyclic loading generally includes
four regions: crack initiation, propagation, fast-fracture, and melting regions, shown in
Figure 1:24. The fracture surface is basically perpendicular to the loading direction,
which is an open mode (Mode I) fracture. Several crack-initiation sites on the notched
surface are shown in Figure 1:24a. A fatigue crack originates and propagates towards the
inside of the specimen. There are many fatigue striations caused by the fatigue-crack
blunting and re-sharpening in the fatigue-propagation region shown in Figure 1:24b. The
fast-fracture region is a vein pattern with an equal size in all directions, which is in
agreement with the open-mode fracture shown in Figure 1:24c. As the loading area
decrease, fracture happens and the stored elastic energy will be released abruptly. The
temperature increases are high enough to melt the materials. Thus, a melting region with
some droplets is observed shown in Figure 1:24d.(74-79)
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CHAPTER 2: EXPERIMENTAL PROCEDURES
2.1

Sample preparation

2.1.1 (Zr55Al10Ni5Cu30)99Y1 BMGs
(Zr55Al10Ni5Cu30)99Y1 BMGs were prepared from high-purity Zr, Al, Ni, Cu, and
Y raw materials by arc melting under a Ti-gettered argon atmosphere. The master-alloy
ingots were remelted several times in order to obtain the homogeneous chemical
composition. The BMGs were fabricated by injection-casting the master alloy into a
copper mold. The copper mold is water-cooling, and the cooling rate is ~ 10 – 100 K/s.
The samples with 3 mm × 3 mm × 75 mm square bars could be fabricated. This
(Zr55Al10Ni5Cu30)99Y1 BMGs is used to study the strain rate effect on the deformation
behavior of BMGs under static loading.(1)

2.1.2 Cu45Zr47.5Ag7.5 BMGs
Cu45Zr47.5Ag7.5 BMGs were prepared from high-purity Cu, Zr, and Ag raw
materials by arc melting under a Ti-gettered argon atmosphere shown in Figure 2:1.(2)
The BMGs samples were obtained by suction casting the master alloy into a copper mold.
The samples with 3 mm × 3 mm × 75 mm square bars could be obtained. It will be used
to investigate the strain-rate effect on the deformation behavior under static loading.

2.1.3 Zr50Al10Cu37Pd3 BMGs
Zr50Al10Cu37Pd3 BMGs are prepared using a ladle-hearth type arc-melt tilt casting
technique since the sample size is large enough. The master-alloy ingots were also
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prepared by arc-melting mixtures of high-purity of Zr, Al, Cu, and Pd in a Ti-gettered
argon atmosphere. The cast rod sample of 8 mm in diameter and 60 mm in length was
fabricated by a tilt-casting technique in an arc furnace via a pseudo-floating-melt state
before casting to obtain a completely melted state. The compression-compression fatigue
samples were centerless grounding from 8 mm to ~ 5 mm.(3)

2.1.4 (Zr58Ni13.6Cu18Al10.4)99Nb1 BMGs
The preparation of (Zr58Ni13.6Cu18Al10.4)99Nb1 BMGs is a somewhat different,
since the melting temperature of Nb is very high and difficult to obtain the homogeneous
chemical composition if all the elements were melted together directly. Thus, a masteralloy ingot was prepared by melting Zr and Nb together first, and the resulting binary
alloy ingot was, then, melted together with Ni, Cu, and Al. The dimension of this material
is 2 mm × 6 mm × 75 mm. There are some nano-cyrstalline phases in the metallic-glass
matrix. (Zr58Ni13.6Cu18Al10.4)99Nb1 BMGs are used to study the fatigue deformation and
failure mechanism under four-point-bend cyclic loading and fatigue softening.(4)

2.2

DSC
The differential-scanning calorimetry (DSC, Perkin-Elmer DSC7) was used to

characterize BMGs thermal properties. DSC was run two times for each specimen from
323 to 873 K in an argon atmosphere at a heating rate of 20 K/min. The second scan was
considered as a base line, and any thermal effect from the structural evolution during
heating was investigated.
By comparing the DSC curves for the sample before and after deformation with
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different strain rates, the free volume and crystalline heat release could be obtained,
which could be related to the free-volume increase and crystallization phase formation
during the plastic deformation process of metallic glasses.
According to the DSC curves, the glass-transition temperature, crystallization
temperature, and peak temperature of the investigated samples could be obtained. DSC
could also be used to study the crystallization kinetics of metallic glasses during the
continuous and the iso-temperature heating. According to the change of the typical
temperatures with different heating rates, the activation energy could be calculated.
According to the crystallization volume fraction at different times and various
temperatures, the Avrami exponent could be calculated. The activation energy and the
Avrami exponent are directly related to the thermal stability of metallic glasses during the
continuous heating and iso-temperature crystallization, respectively.

2.3

X-ray diffraction
A Philips X’pert X-ray diffract-meter is used to characterize the structure of a

metallic glass using Cu Kα of 1.542 Å. If there is only a broad peak, it is considered as a
glass state. If there are some sharp peaks superimposed on the broad peak, it is
considered as the metallic-glass composite. If there are only sharp peaks, it is considered
as the crystalline materials.

2.4

Synchrotron diffraction
Although X-ray could give the structure information of metallic glasses, it is not

accurate if the crystalline phases are less than 5%. High-energy X-ray diffraction
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(Synchrotron diffraction) could be used to further prove the glass state of the samples
shown in Figure 2:2. The classical synchrotron-diffraction pattern for metallic glasses has
two peaks, corresponding to the first neighbor and the second neighbor ordering,
respectively.

2.5

TEM/HRTEM
The thin film specimens for TEM/HRTEM were prepared by the electro-chemical

polishing with the nitric acid ethanol at about 250 K. A JEOL 2010 F model highresolution transmission-electron microscopy (HRTEM) with an accelerated voltage of
200 kV was used to investigate the microstructure of BMGs.

2.6

SEM
The fracture surfaces and the shear-band formation of selected specimens were

examined, using a Leo 1526 SEM with the energy-dispersive spectroscopy (EDS) to
study deformation and fracture mechanisms.

2.7

Compression tests
The cast rods were cut to produce compression samples with an aspect ratio

(length/diameter) of 1:2 for the investigation of the strain-rate effect on the deformation
behavior of BMGs and 2:1 for fatigue-softening study. The ends of the samples were
lapped and polished to ensure the parallelism. Since the strength of BMGs is very high,
the SiC is attached on the grip system to avoid the penetration.
A

computer-controlled

MTS

810

materials

test-system

servo-hydraulic

mechanical-testing machine was used for the compression tests. The machine was aligned
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prior to use. Strain was recorded using a MTS extensometer. The compression tests were
performed in a constant displacement rate. Because the amount of deformation is small, it
is assumed that a strain rate is constant during compression, and an average strain rate is
used. Single compression is used in the fatigue-softening investigation and several
repeated loading processes, i.e., loading, unloading, and reloading were utilized for the
strain-rate effect on the deformation behaviors of BMGs.

2.8

Fatigue tests
The square-bar sample with 2 mm × 2 mm ×25 mm was used for four-point-

bend fatigue. In order to avoid the surface effect and observe the shear bands, the four
surfaces were polished using a P 4,000/1,200 grit SiC paper. The grip system was just the
same with the three and four point-bend fatigue with the crystalline materials.
The cylinder sample with a length/diameter ratio equal to ~ 2:1 was used for
compression-compression fatigue. The ends of the samples were lapped and polished to
ensure the parallelism similar to compression samples. The grip system for the
compression-compression fatigue was the same as the compression test using the SiC
attached to the high-strength steel.
A MTS 810 was employed for fatigue studies. Samples were tested at various
stress ranges with an R ratio (the ratio of the minimum stress/the maximum stress) of 0.1
under a load-control mode, using a sinusoidal waveform at a frequency of 10 Hz. Upon
failures or 107 cycles, samples were removed for later examinations by SEM. The
maximum stress corresponding to the un-failed sample after the fatigue life reached 107
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cycles is defined as the fatigue-endurance limit.

The stress-life curves could be

developed according to the relationship between the fatigue stress and life.

43

CHAPTER 3: STRAIN-RATE EFFECTS ON DEFORMATION
BEHAVIOR OF (ZR55AL10NI5CU30)99Y1 BMGS
3.1

Introduction
There are many dislocations in the crystalline materials, which are formed during

the cooling process from the liquid to solid state. During large plastic deformation, the
dislocations can be generated, and the dislocation density could increase significantly.
Thus, the force for the further plastic deformation will increase, which causes strain
hardening. For the normal face-centered-cubic materials, the strain-hardening coefficient
could be very large. It is about 0.45 for an austenite stainless steel, which has very good
ductility.(1) As the grain size becomes small, the dislocation effect will decrease. When
the grain size reaches a nano scale (~ 20 nm), the grain boundary becomes dominant
during the plastic deformation. The strain-hardening phenomenon will be very weak. The
stain-hardening coefficient could be lower than 0.1, which makes nano-materials to be
relatively brittle.(2-4) If the grain size continuously become finer and reach 1 - 2 nm, the
materials are considered to be amorphous materials.(5) Metallic glasses are a kind of
amorphous materials. There are no dislocations and grain boundaries. Thus, there is no
any strain-hardening mechanisms in the metallic glasses. The strain- hardening
coefficient could be zero and even sometimes negative. Thus, the high-purity metallicglass materials only show the elastic deformation or very limited plastic deformation
under un-constrained conditions. The plastic deformation mainly concentrates in the very
thin shear bands surrounded by the un-deformed materials. The shear-band operation is
affected by the temperature, time, and strain rates.(6-10) In this chapter, the effects of the
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strain rates on the deformation and shear-band operation of metallic glasses are
investigated. The large plastic deformation is obtained by the small length/diameter (L/D)
ratio to be 1/2. For such small samples, the shear-band propagation is stopped by the grip
of the MTS machine.

3.2

Results and discussions

3.2.1 Engineering stress-strain curves
In the repeated loading-unloading-reloading compression tests with the same
strain rate for the loading and reloading processes, the mechanical behaviors of the
(Zr55Al10Ni5Cu30)99Y1 metallic glass show somewhat strain softening. A decrease of ~ 10 MPa, and ~ -28 MPa in the nominal flow stress at the strain of ~ 20%, accompanied
with the strain rates of the 5 × 10-4 /s and 10-2 /s, respectively shown in Figure 3:1.
According to Spaepen’s free-volume model, during the inhomogeneous
deformation, the materials in the shear bands undergo some structural change that leads
to a local viscosity decrease. The structural change is a net result of two competing
processes including: shear-induced disordering leading to the free-volume creation and
diffusion-controlled reordering process, resulting in the free-volume annihilation. The
creation of a free volume at high stress levels could be expressed by Equation 3:1:(11)

∇+v f =

α v* 2kT ⎡
vf

⎛ τΩ
cosh ⎜
⎢
S ⎣
⎝ 2kT

⎛ α v* ⎞
⎛ ΔG m ⎞
⎞ ⎤
−
−
−
1
exp
exp
υ
N
⎜
⎜
⎟
⎟ ⎥
⎜ v ⎟⎟
⎠ ⎦
⎝ kT ⎠
f ⎠
⎝

(3:1)
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α is a geometrical factor between 1/2 and1, and vf is the average free volume of an atom,
v* (above which no free volume is created.), k is Boltzmann constant, T is temperature, S

2 1+υ
, τ is the shear stress, Ω is the atomic volume, N is the total number of atoms, ν
is μ
3 1−υ
is the atom-jumping frequency, and ∆Gm is the free energy for the atom jump without a
shear stress. The annihilation of free volumes resulting from a series of diffusion jumps
could be expressed by Equation 3:2:

∇−v f =

⎛ α v* ⎞
⎛ ΔG m ⎞
v*
exp ⎜ −
Nυ exp ⎜ −
⎟
⎟
⎜ v ⎟
nD
⎝ kT ⎠
f ⎠
⎝

(3:2)
nD is the number of diffusive jumps necessary to annihilate a free volume equal to v*. It is

expected to be between 1 and 10. In a steady state, the amount of free volumes created is
equal to the amount of free volumes annihilated:
∇+v f = ∇−v f

α v* 2kT ⎡
vf

⎛ τΩ
cosh ⎜
⎢
S ⎣
⎝ 2kT

*
⎞ ⎤ v
−
1
=
⎟ ⎥
⎠ ⎦ nD

(3:3)
Before the sample is loaded, the average free volume, vf, is set by the structure of a
quenched metallic glass. At low stresses, the left term is smaller than the right term, that
is to say, the extra free volume created by the stress can easily be annihilated by the
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diffusion, and the average free volume stays at the initial value, vf. As soon as τ exceeds
the value for which is obeyed, more free volumes are being created than can be
annihilated. The free volume, vf, is set by the stress, τ. Equation 3:4 could be rewritten:

α v*
vf

v* S ⎡
⎛ τΩ ⎞ ⎤
cosh ⎜
=
⎟ − 1⎥
⎢
nD 2kT ⎣
⎝ 2kT ⎠ ⎦

−1

(3:4)
According to Equation 3:4, the average free volume will increase during the plastic
deformation process. In fact, the increased free volume concentrates in shear bands
because the shear stress along the shear bands has the maximum value.
The viscosity of a metallic glass can be described by Vogel-Fulcher-Tammman
(VFT) model. In this model, the viscosity could be described by:(12-15)

η=

⎛ bv ⎞
h
exp ⎜ m ⎟
⎜ v ⎟
vm
⎝ f ⎠
(3:5)

where vm and vf are the atomic volume and mean free volume per molecular, respectively,
and h is Plank's constant. This model assumes that the viscosity change of a liquid by the
reduction or expansion of the mean free volume, vf, on cooling or heating. From this
relationship, the viscosity along the maximum shear-stress plane will decrease.
The temperature dependence of the free volume is fitted as:(15)

v f = C1 ⎡(T − T0 ) +
⎢⎣

(T − T0 )

2

+ C2T ⎤
⎥⎦
(3:6)
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where C1, C2, and T0 are three fitting parameters. It prevents the divergence of the
viscosity at a finite temperature. According to the relationship between the free volume
and temperature, the temperature will increase along the maximum shear-stress plane.
From the discussion above, during loading and when the shear stress is above the
critical value, the free volume and temperature will increase in the shear bands along the
maximum shear-stress plane. At the same time, the viscosity will decrease. The freevolume creation is dominant. During the unloading process, the stress will decrease, and
the heat produced during the loading process will dissipate, which contribute to the freevolume annihilation. However, the free volume produced during loading cannot be
annihilated completely, which is stored in the shear bands as the persistent plastic
deformation. The pre-existing shear bands after loading have more free volumes and
lower viscosity. Thus, the pre-existing shear band could be a preferential location for the
nucleation of the new shear bands, which contributes to the stress decrease during the
reloading process, which leads to the strain softening of the (Zr55Al10Ni5Cu30)99Y1
metallic glass.

3.2.2 Serrations in the plastic-deformation process
The explanation of strain softening of the (Zr55Al10Ni5Cu30)99Y1 metallic glass
could be explained very well using the free-volume model.(11) The stress drop during the
loading and reloading for the strain rate of 5 × 10-4 /s and 10-2 /s are ~ -10 MPa and ~ -28
MPa, respectively.
The expression for the viscosity could be shown in Equation 3:7:
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(3:7)
The viscosity is dependent on the strain rate and the shear stress. The yield stress and
fracture stress of a metallic glass are not sensitive to the strain rates. It is assumed that the
viscosity is more dependent on the strain rates. From Equation 3:7, the viscosity decrease
during deformation with the high strain rate should be more significant than that with the
low strain rate. The viscosity decrease could be reflected by the strength decrease. Thus,
the stress decrease at the high strain rate during the loading and reloading process is
larger than that at the low strain rate.
The amplified stress-strain curves are shown in Figure 3:2. It could be seen that
the serration-stress-fluctuation ranges are 21 MPa and 15 MPa, for the strain rates of
5×10-4 /s and 10-2 /s, respectively. It is generally assumed that the serration-stressfluctuation range could describe the deformation homogeneity. Smaller serration-stressfluctuation indicates a more homogeneous deformation. Thus, the amplified stress-strain
curves could further prove the lower viscosity during the plastic-deformation process at
the high strain rate.
The homogeneity of deformation could also be explained by ∆f. For the purely
homogeneous deformation, ∆f = 1. For the purely inhomogeneous deformation, ∆f = 0.
The strain rate could be shown in Equation 3:8:(11)
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It is assumed that ∆f is affected by the strain rate. At the high strain rate, ∆f should be
larger, which corresponds to be relatively more homogeneous and at the low strain rate,
∆f should be lower, which corresponds to being relatively more inhomogeneous. This

result is in agreement with the more smooth amplified compression stress-strain curves
and lower viscosity at the high strain rate.

3.2.3 Shear-band formation
The shear-band distribution after deformation with different strain rates are shown
in Figure 3:3. Within the same plastic deformation, the shear-band density at the high
strain rate is lower than that at the low strain rate. At the same time, the shear-band
spacing at the high strain rate is larger than that at the low strain rate. According to the
shear-banding spacing and density, Jiang defines the shear bands as the coarse shear
bands at the high strain rate and the fine shear bands at the low strain rate. Jiang gives the
conclusion that the shear-band distribution is more inhomogeneous at the high strain rate
and more homogeneous at the low strain rate in space. Generally speaking, the serration
of stress-strain curves could correspond to the shear-band formation. From Figure 3:2,
within a 3%-plastic deformation, the serration density of 5 × 10-4 /s is much higher than
that of 10-2 /s. It indicates that, under the same plastic deformation, more shear bands
formed under the low strain rate than the high strain rate. Thus, it is suggested that the
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plastic deformation in one shear band at the high strain rate is larger than at the low strain
rate, which could be proved from the higher shear-band step at the high strain rate. This
trend means that more atoms jump in one shear band at the high strain rate (∆fhigh >∆flow).
From this viewpoint, the deformation at the high strain rate is more homogeneous, which
is in agreement with the low viscosity during deformation at the high strain rate.

3.2.4 Thermal properties
The free volume of a metallic glass could be denoted by the endo-thermal peak
area between Tg and Tx. From Figure 3:4, the peak areas for the samples before and after
deformation with the strain rates of 5×10-4 /s and 10-2 /s are -15.88 J/g, -20.83 J/g, and 22.01 J/g, respectively. It indicates that the free volume really increases after deformation.
At the same time, the persistent free-volume increases at the high strain rate are
somewhat higher than that at the low strain rate, which is in agreement with the low
viscosity during deformation at the high strain rate.

3.2.5 Synchrotron diffraction
The synchrotron-diffraction pattern before and after deformation with different
strain rates is shown in Figure 3:5. There are two main peaks for all the diffraction
patterns corresponding to the first and second nearest neighbor ordering of a metallic
glass. The second main peak corresponding to the medium-range order follows the very
small peak. There are no other peaks, indicating that there is no significant crystallization
peak even after deformation.
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3.2.6 Engineering stress-strain curves with different strain rates for the
loading and reloading process
The repeated loading-unloading-reloading compression tests with the different
strain-rate combinations for the loading and reloading processes is used. The engineering
stress-strain curves are shown in Figure 3:6. The strain-hardening behaviors are observed
at the strain of ~ 22% for the loading with the strain rate of 10-3 /s and reloading with the
strain of 5×10-4 /s, which are accompanied by the increase of ~ 10 MPa in the nominal
stress. The strain-softening behaviors are observed at the strain of ~ 21% for the loading
with a strain rate of 10-3 /s and reloading of 10-2 /s, which is accompanied by the decrease
of ~ 47 MPa in the nominal stress.
This trend is explained by Jiang in view of the spatiotemporality of shear banding.
At

high

strain

rates,

fewer

simultaneous

shear-banding

operations

happen

successively.(17) However, at low strain rates, more simultaneous shear-banding
operations occur intermittently. Thus, at high strain rates, fewer simultaneous shearbanding operations need a smaller flow stress, and at low strain rates, more intermittent
shear-banding operations need a larger flow stress. As a result, the strain-hardening
phenomenon is observed in the decreasing strain rate, and the strain-softening behavior is
observed in the increasing strain rate. However, Jiang did not give why the shear bands at
the high strain rate prefer to operate at the pre-existing shear bands than at the low strain
rate.
According to the previous discussion, the strain softening, deformation
homogeneity, and shear-band distribution could be explained by the free-volume increase
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and viscosity change at different strain rates. The viscosity decrease during deformation
at the high strain rate is more significant than at the low strain rate. The viscosity change
reflects the strength change. Then it means that the strength at the low strain rate should
be higher than at the high strain rate. Thus, it could explain that the strain hardening
happened with the decreased strain-rate combinations for the loading and reloading
process and stain softening occurred with the increased strain-rate combinations for the
loading and reloading process. It is more reasonable for the strain hardening and
softening behavior to be explained by the different viscosity or free-volume change with
different strain rates.

3.3

Summary

1.

The deformation of the metallic glass shows the strain softening for the loading
and reloading process with the same strain-rate combination. The nominal stress
decrease for the loading and reloading process at the low strain rate is lower than
at the high strain rate.

2.

At the high strain rate, the deformation of the metallic glass is more homogeneous
even if the coarse shear bands are formed.

3.

The free-volume increase after deformation with the high strain rate is more
significant than with the low strain rate, which is in agreement with the lower
viscosity or higher free volume during deformation with the high strain rate. This
trend could give a good explanation of the different stress drop for the loading
and reloading processes at different strain rates.
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4.

The deformation of a metallic glass shows the strain hardening for the loading
with the high strain rate and reloading with the low strain rate. The deformation
of a metallic glass shows the strain softening for the loading with the low strain
rate and reloading process with the high strain rate. The explanation from the
different viscosity or free-volume change at different strain rates is better than
from the different shear-band operation.
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CHAPTER 4: STRAIN-RATE EFFECTS ON DEFORMATION
BEHAVIOR OF CU45ZR47.5AG7.5 BMGS
4.1

Introduction
The deformation feature of BMGs generally shows the strain-softening

characteristics at the same strain rate. However, some BMGs could also exhibit the strain
hardening during the plastic-deformation process.(1-4) Different researchers proposed
different strain- hardening mechanisms.
In 2005, Das and Eckert proposed that the increase in the strength of
Cu47.5Zr47.5Al5 BMGs is due to the addition of Al, which enhances the structural
inhomogeneities in the metallic glass. It is believed that such inhomogeneities ultimately
promote the nucleation of shear bands throughout the bulk materials and enables their
branching, leading to a global ductility. The intersection of shear bands decreases their
sharpness, hinders their rapid propagation, and increases the flow stress of the materials,
resulting in a ‘work-hardening’-like behavior.(3)
In 2006, Kim and Eckert re-investigate the deformation behavior of
Cu47.5Zr47.5Al5 BMGs. It is found that the as-cast microstructure reveals features of nanoscale liquid-phase separation. The morphology of the phase-separated amorphous regions
is spherical with 10 - 20 nm in size, and they are homogeneously distributed throughout
the sample. Besides, macroscopic heterogeneities, which can be determined by different
degrees of the chemical fluctuations and the existence of nano-scale crystals, are
observed. The different length scales of the heterogeneities in the Cu47.5Zr47.5Al5 BMGs
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are believed to contribute to the large plasticity and the ‘working-hardening’-like
behavior during the deformation.(4)
In 2007, Yang and Nieh investigated the strain hardening and recovery of a
metallic glass using cyclic loading-unloading-reloading processes under nano-indentation.
It is found that the hardness of the metallic glass increased each time when the sample
was reloading immediately after unloading and, then, gradually reduced to a stable value
before the next unloading. It is explained by the free-volume accumulation and
annihilation in a metallic glass. During the unloading process, with a sudden reduction of
the applied shear stress, the driving force for the free-volume accumulation decreases and
the free-volume-annihilation process takes over. This trend results in a decrease of free
volumes, which causes the immediate arrest of propagating shear bands. After a shear
band is arrested, the temperature in the shear band decreases rapidly. The hardness
increases as a result of decreasing the free volume and temperature. Upon the next
reloading, all previous shear bands are already arrested, and the free-volume
accumulation process remains sluggish at room temperature. This phenomenon results in
an increase in the hardness-hardening behavior. However, after the stress is increased to
the yielding point, multiple shear bands start to initiate and propagate again. The
increased temperature and free volume in the propagating shear bands will, then, cause
the reduction of hardness again.(2)
In 2007, Jiang investigated the strain-softening characteristics of Zr55Al10Ni5Cu30
BMGs and the strain-hardening behavior of Cu47.5Zr47.5Al5 BMGs. It is proposed that the
deformation of two different metallic glasses is related to their intrinsic structures. The
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defects formed in the deformation, such as the free-volume increase and the formation of
nano-voids. These defects result in the deterioration in the strength of a shear band. A
weak shear band naturally becomes a preferential site for subsequent shear banding. That
is why metallic glasses generally exhibit working softening. However, the deformation
could lead to the formation of nano-crystalline phases. The deformation-induced nanocrystalline phase can strengthen the shear bands effectively, which caused strain
hardening.(1)
In this chapter, the loading-unloading-reloading sequence is used for the small l/d
ratio on the Cu45Zr47.5Ag7.5 BMGs under compression. The strain hardening and softening
phenomena dependent on the strain rate are studied with the same strain rate for the
loading and reloading processes.

4.2

Results and discussions

4.2.1 Engineering stress-strain curves
In the repeated loading-unloading-reloading compression tests with the same
strain rate, the mechanical behaviors of Cu45Zr47.5Ag7.5 shows somewhat strain softening
at the strain of ~ 38.3% with the strain rate of 8 × 10-4 /s. A decrease of the ~ -28 MPa in
the nominal flow stress is accompanied with the softening shown in Figure 4:1a.
However, Cu45Zr47.5Ag7.5 presents somewhat strain hardening at the strain of ~ 33.5%
with the strain rate of 1.58 ×10-2 /s. An increase of ~ 25 MPa in the nominal flow stress
accompanied with the hardening shown in Figure 4:1b.
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The strain-softening mechanism of Cu45Zr47.5Ag7.5 BMGs during plastic
deformation at the low strain rate is similar to that of the strain-softening behavior of
(Zr55Al10Ni5Cu30)99Y1 BMGs, which has been discussed in Chapter 3. The difference is
that the deformation of (Zr55Al10Ni5Cu30)99Y1 BMGs exhibits more significant strain
softening at the high strain rate, which is explained by the viscosity change dependent on
the strain rates. However, the deformation of Cu45Zr47.5Ag7.5 BMGs shows the strain
hardening, which is not in agreement with the explanation of the viscosity change. The
strain-hardening mechanism will be discussed later.

4.2.2 Thermal properties
The thermal properties before and after deformation with different strain rates are
detected using DSC shown in Figure 4:2. The crystallization-peak areas of the sample
before and after deformation with the strain rates of 8 × 10-4 /s and 1.58 × 10-2 /s are
about 35.2518 J/g, 25.4541 J/g, and 22.9467 J/g, respectively, shown in Figure 4:2a. The
crystallization-peak area could estimate the crystallization phases. Thus, the
crystallization could happen after deformation. More crystallization phases formed with
the high strain rate than the low strain rate. It is recognized that the crystallization-phase
formation in the shear bands could strengthen the amorphous matrix, which could lead to
the strength increase or strain hardening during reloading. The deformation-induced
crystallization is observed under different loading conditions in the literature.(5-10)
Kumar et al. (8) also suggested that the deformation-induced nanocrystallization results
in the large ductility and strain hardening.
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The free volume could be substituted by the endo-thermal peak area between Tg
and Tx. The peak areas for the sample before and after deformation with the strain rates of
8 × 10-4 /s and 1.58 × 10-2 /s are about 14.0515 J/g, 18.6475 J/g, and 15.2250 J/g,
respectively, in Figure 4:2b. The free-volume change during deformation is affected by
the free-volume creation and annihilation. The net free-volume-increase rate could be
shown in Equation 4:1:

⎛ α v* ⎞
⎛ τΩ
2υ sinh ⎜
⎟
⎜ v ⎟
⎝ 2kT
f ⎠
⎝

γ& = Δf exp ⎜ −
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⎞
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⎜−
⎟
⎟
⎠
⎝ kT ⎠
(4:1)

The viscosity and the free volume obey Equation 4:2:

η=

⎛ α v* ⎞
⎛ ΔG m ⎞
τ kT
=
exp ⎜
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⎜−
⎟
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γ& Ω
⎝ kT ⎠
f
⎝
⎠
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The defect concentration is defined as:

⎛ α v* ⎞
c f = exp ⎜ −
⎜ v ⎟⎟
f ⎠
⎝
(4:3)
Therefore, the viscosity is inversely proportional to the defect concentration, cf, in the
metallic-glass matrix. The defects in amorphous metals are density fluctuations with
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volume greater than a critical value. More crystallization phase formed at the high strain
rate leads to the higher viscosity because the crystallization-phase formation could
annihilate the free volume, and defect concentration decrease, which could lead to strain
hardening at the high strain rate.

4.2.3 Synchrotron diffraction
The synchrotron-diffraction pattern before and after deformation with different
strain rates is shown in Figure 4:3. The diffraction pattern only shows a halo for the
sample before and after deformation with the low strain rate. It is believed that the sample
before deformation is purely amorphous, and there is no significant crystallization
phenomenon after deformation with the low strain rate in Figures 4:3 a and b. The
diffraction pattern for the sample after deformation with the high strain rate has several
dots, and the halo circle becomes thinner in Figure 4:3c. It indicated that there is some
crystallization phase formed during deformation. This trend could be further proved
from the line-diffraction pattern in Figure 4:3d. There are only two peaks for the sample
before and after deformation with the low strain rate. The first and second peak shows
that the first and second nearest neighbor atoms are in order. There is no other peak in the
long range. This kind of the synchrotron-diffraction pattern is the typical pattern of
amorphous materials. Besides the first and second peaks, there are many smaller peaks
superimposed on the amorphous peaks for the samples after deformation with the high
strain rate. This trend could definitely show that the crystallization phases really form for
Cu45Zr47.5Ag7.5 BMGs after deformation with the high strain rate.
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4.2.4 Comparison with the deformation of (Zr55Al10Ni5Cu30)99Y1 BMGs
The viscosity of (Zr55Al10Ni5Cu30)99Y1 BMGs during deformation at the high
strain rate is relatively lower than that at the low strain rate according to the relationship
among the viscosity, shear stress, and strain rate, which has been discussed in the
previous chapter. However, the viscosity of Cu45Zr47.5Ag7.5 BMGs during deformation at
the high strain rate is relatively higher than that at the low strain rate because of the
crystallization-phase formation. The different deformation behavior of two metallic
glasses could be traced to the structure change during the plastic-deformation process.
There is no crystallization phase observed in (Zr55Al10Ni5Cu30)99Y1 BMGs after
deformation even with the high strain rate. However, there is a significant crystallization
phase in the metallic-glass matrix in Cu45Zr47.5Ag7.5 BMGs after deformation with the
high strain rate. The crystallization could annihilate the free volume and cause the
viscosity increase. It is also believed that the viscosity or free-volume change leads to the
significant strain softening in (Zr55Al10Ni5Cu30)99Y1 BMGs and strain hardening in
Cu45Zr47.5Ag7.5 BMGs both with the high strain rate. It is summarized that two competing
processes control the strain softening and hardening of a metallic glass during
deformation. One is the free-volume creation and the viscosity decrease. The other one is
the crystallization-phase formation and free-volume annihilation, which cause the
viscosity increase. If the viscosity decrease or free-volume creation is dominant, the
deformation of metallic glasses trends to show strain softening. If the viscosity increase
or free volume annihilation is dominant, the deformation of a metallic glass trends to
show strain hardening.
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4.3

Summary

1.

The plastic deformation is dependent on the strain rate. At the high strain rate,
Cu45Zr47.5Ag7.5 BMGs trends to show strain hardening. However, at the low strain
rate, Cu45Zr47.5Ag7.5 BMGs trend to exhibit strain softening.

2.

The strain-rate effect on the strain hardening or softening is related to the
viscosity or free-volume change during the deformation process.

3.

The creation of the free-volume or viscosity decrease is dominant during
deformation with the low strain rate, which contributes to the strain softening.

4.

The formation of the crystallization phase is dominant during deformation at the
high strain rate, which results in the viscosity increase or free-volume annihilation,
and further contributes to the strain hardening.
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CHAPTER

5:

CRYSTALLIZATION

KINETICS

OF

(ZR55AL10NI5CU30)99Y1 AND Cu45ZR47.5AG7.5 BMGS
5.1

Introduction
The deformation of (Zr55Al10Ni5Cu30)99Y1 BMGs exhibits significant strain

softening with the strain rate of ~ 10-2 /s. However, the deformation of Cu45Zr47.5Ag7.5
BMGs shows significant strain hardening with the strain rate of ~ 1.58 × 10-2 /s. Two
competing processes control the strain softening and hardening of a metallic glass during
deformation. One is the free-volume creation and the viscosity decrease during
deformation. The other one is the crystallization-phase formation and free-volume
annihilation, which cause the viscosity increase. If the viscosity decrease is dominant, the
deformation of a metallic glass trends to show strain softening. If the viscosity increase is
dominant, the deformation of a metallic glass trends to show strain hardening. The freevolume change and the crystallization phase formation are related to the thermal stability
upon heating.
In this chapter, the thermal stability of (Zr55Al10Ni5Cu30)99Y1 and Cu45Zr47.5Ag7.5
BMGs is investigated on continuous and iso-thermal heating. The crystallizationactivation energy and the Avrami exponent for these two BMGs are calculated and used
to explain the results of Chapter 3 and Chapter 4.
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5.2

Results and discussions

5.2.1 Continuous heating
Figure 5:1 shows the DSC scans of (Zr55Al10Ni5Cu30)99Y1 and Cu45Zr47.5Ag7.5
BMGs with different heating rates (20, 40, 60, and 80 K/min.), respectively. All DSC
curves demonstrate significant endothermic events characteristic of the glass-transition
and the superercooled-liquid region, followed by exothermic events characteristic of a
crystallization process. The glass-transition temperature, Tg, the crystallization
temperature, Tx, and the peak temperature, Tp, are marked with arrows for different
heating rates. The typical temperatures are listed in Tables 5:1 and 2.
From Tables 5:1 and 2, it could be seen that the Tg values for
(Zr55Al10Ni5Cu30)99Y1 and Cu45Zr47.5Ag7.5 BMGs with the same heating rate are very
similar. However, the Tx and Tp values for (Zr55Al10Ni5Cu30)99Y1 are ~ 20 - 30 K higher
than Cu45Zr47.5Ag7.5. Thus, the supercooled-liquid region of (Zr55Al10Ni5Cu30)99Y1 is ~ 20
- 30 K wider than Cu45Zr47.5Ag7.5, indicating that (Zr55Al10Ni5Cu30)99Y1 has much better
thermal stability than Cu45Zr47.5Ag7.5 on continuous heating.
From Tables 5:1 and 2, it could be seen that the Tg, Tx, and Tp are shifted to higher
temperatures with the increasing heating rates. According to the Kissinger Equation
5:1:(1-3)
ln( B / T 2 ) = −

E
+ Const.
RT
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T2
]
B =E
1
R
d[ ]
T

d [ln

(5:1)
where B is the heating rate, R is the gas constant, and E is the crystallization-activation
energy. The plot of ln(T2/B) vs 1/T should yield approximate straight lines, as exhibited
in Figure 5:2. Using Kissinger Equation 5:1, from DSC scans, the activation energies for
(Zr55Al10Ni5Cu30)99Y1 are determined as 406.2, 240.7, and 266.1 kJ/mol for Tg, Tx, and Tp,
respectively, indicating that this material has a very good thermal stability due to the high
activation energy. Eg is higher than Ex and Ep, suggesting that it is difficult for this
material to relax, compared with crystallization due to the high viscosity of Zr-based
BMGs. The activation energies for Cu45Zr47.5Ag7.5 BMGs are determined to be 364.6,
339.9, and 332.1 kJ/mol for Tg, Tx, and Tp, respectively. The relatively high-activation
energy suggests that Cu45Zr47.5Ag7.5 BMGs have good thermal stability. Eg is lower than

Ex and Ep, indicating that it is easy for this material to relax, compared with
crystallization because of the relative low viscosity of CuZr-based BMG.(4) The
activation-energy difference of (Zr55Al10Ni5Cu30)99Y1 and Cu45Zr47.5Ag7.5 could show that
if given the same heat flow, more energy will be spent on the relaxation for
(Zr55Al10Ni5Cu30)99Y1. However, more energy will be spent on the crystallization for
Cu45Zr47.5Ag7.5.
Due to the difference of the nucleation and growth behavior in the crystallization
process, the activation energy for different crystallization volume fractions is not constant.
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Therefore, the local activation energy, E(x), has been introduced, representing the
activation energy at all crystallization stage. In order to calculate the local activation
energy, the crystallize fraction, x, as a function of temperature at different heating rates is
plotted in Figure 5:3. From the following equation suggested by Doyle-Ozawa (5) for the
non-isothermal crystallization, the local activation energy, E(x), can be quantified.

ln B = −2.315 − 0.4567

E ( x)
E ( x)
+ ln A
RT
RF ( x)
(5:2)

where A is the frequency factor, F(x) is the crystallization function, and x is the
crystallized fraction at the corresponding temperature. When x is given, ln A

E ( x)
is a
RF ( x)

constant, and T is determined from Figure 5:3 at different heating rates. The E(x) can be
determined by calculating the slope of lnB versus 1/T curve. The results are presented in
Figure 5:4. For (Zr55Al10Ni5Cu30)99Y1, as the crystallization proceeds and the temperature
increases, the local activation energy increases, indicating that the crystallization
becomes more and more difficult. For Cu45Zr47.5Ag7.5, as the crystallization proceeds and
the temperature increases, the local activation energy increases up to the crystallization
fraction equal to 40% and then decreases very quickly, indicating that the crystallization
becomes easier when the crystallization fraction is above 40%. From the glass-transition
activation energy of two metallic glasses, it appears that (Zr55Al10Ni5Cu30)99Y1 has better
thermal stability than Cu45Zr47.5Ag7.5.
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5.2.2 Iso-thermal heating
Isothermal annealing is further carried out to do the crystallization-kinetic
analyses. Figure 5:5 demonstrates the DSC curves of isothermal annealing for
(Zr58Ni13.6Cu18Al10.4)Nb1 and Cu45Zr47.5Ag7.5 at different temperatures between Tg and Tx.
From Figure 5:5, it is clear that all the samples annealed at a certain temperature undergo
an incubation period before the detectable phase transformation begins, and the
incubation time decreases with increasing the temperature, suggesting a typical
nucleation/growth mechanism.
In order to construct a Johnson-Mehl-Avrami (JMA) plot, the volume fraction of
crystallization at time, t, was assumed to be the same as the fraction of the heat release.
Therefore, the fraction of crystallization, x, was obtained by measuring the partial area
under the peak up to t. Figure 5:6 presents the calculated results of the crystallized
volume fraction as a function of the annealing time at different temperatures. All plots
show typical ‘S’ curves. The time dependence of the crystallized volume fraction can be
modeled by the JMA Equation 5:3 (6):

x(t ) = 1 − exp[− k (t − τ ) n ]
(5:3)
where x(t) is the transformed volume fraction at time, t, determined as the fractional area
of the total exothermic peak, τ is the incubation time before the transformation starts, t is
the annealing time, and n is the Avrami exponent reflecting the crystallization mechanism,
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and k is the effective rate constant, which is a function of the absolute temperature,
determined by Equation 5:4:

k = k 0 exp[− Ei / RT ]
(5:4)
where k0 is a constant and Ei is the apparent activation energy for the initial nucleation
energy. The JMA equation could be deducted as follows:

ln[ln1 /(1 − x)] = n ln k + n ln(t − τ )
(5:5)
If the JMA equation is valid, the value of n should not change with either the volumefraction transformation, or the temperature of transformation. A plot of ln[ln1/(1-x)]
versus ln(t-τ) should give a straight line. The slope represents the Avrami exponent, and
the intercept represents the reaction constant, lnk.
Figure 5:7 presents the double logarithmic plots of isothermal annealing at
different temperatures in the supercooled-liquid region. It is obvious that the plots are not
straight lines, implying that the Avrami exponent, n, is not a constant during the
crystallization process, and multi-mechanisms may be involved in the phase
transformation.(7-9) Thus, the average Avrami exponent, n, derived by fitting the
experimental data over a range of the transformed volume fraction may be not
appropriate. (10)
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Calka and Radlinski pointed out that a more sensitive approach is to plot the first
derivative of the Avrami plot against the transformed volume fraction, which effectively
gives the local value of the Avrami exponent, n, at a volume fraction, x.(11) The value of
the local Avrami exponent can give the detailed information on the nucleation and
growth characteristics. The local Avrami exponent can be deduced by Equation 5:6:

n( x) = ∂ ln{ln[1 /(1 − x)]} / ∂ ln(t − τ )
(5:6)
Figure 5:8 shows the value of the local Avrami exponent at different temperatures against
the crystallization volume fraction.
The variation of the local Avrami exponent with the crystallized fraction reflects
the change in nucleation and growth behaviors in the process of crystallization.
Ranganthan and Heimendahl (12) have proposed that the activation energy for the
crystallization of amorphous solids can be expressed as the sum of the nucleation and
growth activation energies by Equation 5:7:

Ec =

aE n + bE g
n
(5:7)

where a and b are positive constants related to the Avrami exponents, n, and a + b = n,

En and Eg are the nucleation and growth activation energies, respectively(13). They are
defined as: a = 0 for the nucleation rate of zero; a = 1 for the constant nucleation; b = 1
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for one-dimensionally growing particles; b = 2 for two-dimensionally growing particles;
and b = 3 for three-dimensionally growing particles.(14-15)
For (Zr55Al10Ni5Cu30)99Y1, according to the change of the Avrami exponent versus
the crystallization fraction shown in Figure 5:8a, the crystallization process includes the
crystallization nucleation and growth. At the beginning of the crystallization, a = 1 and b
= 0 indicate a constant nucleation process. When the crystallization reach 50%, a = 1 and
b = 1 representing one-dimensional diffusion-controlled nucleation and growth with the
constant nucleation. The value of n changes from 2 to 3, when x is between 50% and
90%, specifying that in this range, the crystallization is controlled by the two-dimensional
growth with the decreasing nucleation rate. The Avrami exponent during the whole isothermal heating process is less than 3, which suggested the crystallization rate including
the crystallization nucleation and growth of (Zr55Al10Ni5Cu30)99Y1 are pretty low. For
Cu45Zr47.5Ag7.5, the crystallization process is similar. It will be addressed for the
annealing at 713 K. From the Figure 5:8b, in all the crystallization process, n is larger
than 3, indicating the three-dimensional growth. It has been pointed out that n = 4 means
a mode of three-dimensionally growing particles with a constant nucleation and growth
rate, but that any higher value (n > 4) indicates a transient-nucleation process with an
increasing nucleation rate.

An Avrami exponent larger than 5 is not theoretically

expected. However, in the present results, the Avarami exponent can reach 10. A possible
explanation for an extremely high Avrami exponent may come from some pre-existing
nano-crystalline phases,(16) which could make it easier for the nucleation and growth of
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crystallization phases, and, thus, lead to the significant increase of the Avrami exponent
(Figure 5:8b).
The local activation energy, E(x), of the isothermal processes can reflect the
details of the crystallization process. The value of E(x) is deduced from Equations (5:3)
and (5:4):

t ( x) = t 0 exp[− E ( x) / RT ]
(5:8)
where t0 is a time constant, t(x) is time at different crystallization fractions, and E(x) is the
local activation energy. The activation energy can be obtained from the slope of the line,

ln[t(x)-t0], against 1/T. The obtained local-activation energies for the crystallization
process are shown in Figure 5:9. From the activation-energy results, for
(Zr55Al10Ni5Cu30)99Y1, a conclusion can be obtained that E(x) increased for x located
between 20% and 80%, as the crystallization transformation proceeds. For Cu45Zr47.5Ag7.5,

E(x) increased during all the crystallization process as the crystallization transformation
proceeds. This trend suggests the difficulty of crystallization with the increase of the
crystallization-volume fraction. The total energies for the isothermal crystallization of
(Zr55Al10Ni5Cu30)99Y1 and Cu45Zr47.5Ag7.5 are 258.75 kJ/g and 180.87 kJ/g, respectively.
The higher value for (Zr55Al10Ni5Cu30)99Y1 indicates a much better thermal stability in
the supercooled-liquid region than Cu45Zr47.5Ag7.5.
The wider supercooled-liquid region, higher activation energy, and lower Avrami
exponent of the (Zr55Al10Ni5Cu30)99Y1 than Cu45Zr47.5Ag7.5 metallic glass indicates the
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better thermal stability, which could explain the results of the Chapters 3 and 4. There is
no crystallization phase for (Zr55Al10Ni5Cu30)99Y1 observed after deformation with the
high strain rate. Thus, the free-volume increase or viscosity decrease for
(Zr55Al10Ni5Cu30)99Y1 during plastic deformation is dominant, which causes the strain
softening of (Zr55Al10Ni5Cu30)99Y1 at the high strain rate. However, there is a significant
crystallization phenomenon for Cu45Zr47.5Ag7.5 after deformation with the high strain rate.
The crystallization-phase formation will annihilate the free volume and increase the
viscosity. Thus, the free-volume decrease or viscosity increase for Cu45Zr47.5Ag5 BMGs
after deformation with the high strain is dominant, which leads to the strain hardening of
Cu45Zr47.5Ag5 BMGs.

5.3

Summary

1

(Zr55Al10Ni5Cu30)99Y1 has a much wider supercooled-liquid region than
Cu45Zr47.5Ag7.5, indicating that (Zr55Al10Ni5Cu30)99Y1 has better thermal stability.

2

Upon continuous heating, the activation energy of (Zr55Al10Ni5Cu30)99Y1
increases as the crystallization fraction increases, suggesting that the
crystallization becomes more and more difficult. However the activation of
Cu45Zr47.5Ag7.5 decreases as the crystallization fraction increases, indicating that
the crystallization becomes easier and easier.

3

Upon iso-thermal heating, the Avrami exponent of (Zr55Al10Ni5Cu30)99Y1 is much
lower than Cu45Zr47.5Ag7.5, suggesting that the crystallization rate of
(Zr55Al10Ni5Cu30)99Y1 is much lower than Cu45Zr47.5Ag7.5. The total activation
energy for the whole crystallization process of (Zr55Al10Ni5Cu30)99Y1 is much
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higher than Cu45Zr47.5Ag7.5, representing (Zr55Al10Ni5Cu30)99Y1 has much better
thermal stability than Cu45Zr47.5Ag7.5.
4

The thermal-stability change could explain the free volume and viscosity change
after deformation with different strain rates for two metallic glasses, and further
explain the strain softening and hardening difference with the high strain rates for
two metallic glasses.
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CHAPTER 6: DEFORMATION AND FATIGUE BEHAVIOR OF
(ZR58NI13.6CU18AL10.4)99NB1

BMGS

UNDER

FOUR-POINT-BEND

CYCLIC LOADING
6.1

Introduction
The specific structure of metallic glasses leads to the excellent properties, such as

the high strength, high hardness and low Young’s modulus, high friction and wear
resistance, high corrosion resistance, and good magnetic properties, which could be used
as potential functional and structural materials.(1) However, the high strength of BMGs is
often accompanied by little or no plastic deformation.(2-6) The modifications of BMGs’
structures can improve the ductility, such as the in-situ or ex-situ second-phase inclusion
in the metallic-glass matrix. Fan et al. proposed a method that Ta or Nb with a high
melting temperature is added to the Zr-Ni-Cu-Al metallic glass, which could lead to the
formation of the nano-crystalline phase or micro-crystalline phase in the metallic
glass.(7-10) The dispersion of certain hetero-phases can confine effectively the
propagation of shear bands and promote the multiplication. Evidently, such a
multiplication of shear bands can avoid the excessive propagation of individual shear
bands and increase both mechanical strength and ductility. The mechanical properties and
the fracture mechanisms of these composites under compression deformation have been
widely investigated. However, fatigue studies have received much less attention, and the
corresponding fatigue and fracture mechanisms are poorly understood.(11-15)
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In this chapter, the (Zr58Ni13.6Cu18Al10.4)99Nb1 BMGs with some nano-scale
phases were prepared. The stresses versus cycle life (S/N) curves were studied under the
four-point-bend fatigue with the tension stress on the bottom surface and the compression
stress on the upper surface. The surface and the fracture morphology after fatigue tests
were observed, and the mechanisms of the fatigue and fracture behaviors were discussed.

6.2

Results

6.2.1 XRD and DSC
The clear glass-transition temperature, Tg, of 683 K and a wide supercooled liquid
region (~ 80 K) can be found in the DSC curve shown in Figure 6:1a. Figure 6:1b shows
a HRTEM image, which displays a typical mazelike pattern expected to be the
amorphous structure. However, there are some nano-crystalline particles with a diameter
less than 5 nm. The XRD pattern mainly consists of a broad peak shown in Figure 6:1b.
There are no appreciable diffraction peaks corresponding to crystalline phases, indicating
that the amorphous nature of the present alloy matrix is present, and the crystalline
particle should be less than 5% shown in Figure 6:1c.

6.2.2 Stress versus life curves
The stress range, σr., is plotted as a function of cycles to failure, Nf, for the
(Zr58Ni13.6Cu18Al10.4)99Nb1 BMG in Figure 6:2. The relationship between σr and Nf of the
present material above the fatigue-endurance limit could be expressed by the following
Equation 6:1:
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σ r = 1,178 − 56 LogN f
(6:1)
with the correlation coefficient of R2 = 0.884. The present results are compared with
those for the Zr41.25Ti13.8Cu12.5Ni10Be22.5 BMGs studied by Gilbert et al. and
Zr41.25Ti13.8Cu12.5Ni10Be22.5 BMGs reinforced by the Zr-Ti-Nb ductile phase investigated
by Flores et al.(16-18) The fatigue life of the present BMGs is longer than that of Flores’
results when the stress is lower than 880 MPa, and longer than that of Gilbert’s results
when the stress is lower than 747 MPa. However, at high stress levels, the fatigue life of
the current BMGs seems to be shorter than Gilbert’s or Flore’s results. The fatigueendurance limit, based on the stress range, equals 559 MPa, which is much higher than
those

for

the

Zr41.25Ti13.8Cu12.5Ni10Be22.5

BMGs

(~

135

MPa)

and

Zr41.25Ti13.8Cu12.5Ni10Be22.5 BMGs reinforced by the Zr-Ti-Nb ductile phase (~ 292 MPa).
The fatigue behavior could be described by the fatigue ratio of σre./σu, where σre. is
the stress range at the fatigue-endurance limit (σre. = σmaxe. – σmine., where σmaxe. and σmine.
are the applied maximum and minimum stresses, respectively, at the fatigue-endurance
limit) and σu is the ultimate tensile strength. The (Zr58Ni13.6Cu18Al10.4)99Nb1 BMGs
exhibited a fatigue ratio of σre./σu to be ~ 0.328, which is much higher than those for the
Zr41.25Ti13.8Cu12.5Ni10Be22.5 BMGs (~ 0.09) and the Zr41.25Ti13.8Cu12.5Ni10Be22.5 BMGs
reinforced by the Zr-Ti-Nb ductile phase (~ 0.2). Therefore, the present material shows
very good four-point-bend fatigue properties with the high fatigue-endurance limit and
the high ratio of σre./σu.
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6.2.3 Specimen-surface observations
Figure 6:3 presents the surface morphology of the fatigue samples tested at σr =
519 MPa, using optical microscopy (OM) and scanning-electron microscopy (SEM).
There are some inclined and straight shear bands formed on the tension surface of the
four-point-bend sample (Figures 6:3a and 6:3b), with an angle larger than 45° between
the shear-band direction and the outer fiber-stress direction of the specimens. Fewer
inclined and straight shear bands are observed on the compression surface (Figures 6:3c
and 6:3d), with an angle smaller than 45°. In addition, some wavy shear bands were
observed on both tension and compression surfaces. The wavy shear bands tend to be
oriented perpendicular to the outer fiber-stress direction (Figures 6:3a and 6:3c). In
Figure 6:3e, micro-cracks are observed along shear-off steps on the tension surface,
which are similar to the results under tension-tension fatigue tests.(19) Figure 6:3f
presented branched shear bands with micro-cracks initiated from shear-off steps on the
tension surface.(18)

6.2.4 Fracture-surface observations
The fatigue-failure morphology of the (Zr58Ni13.6Cu18Al10.4)99Nb1 BMGs tested at

σr = 622 MPa is exhibited in Figure 6:4. The fracture surface is basically perpendicular to
the loading direction. The whole fracture surface consists of four regions: the fatiguecrack-initiation, crack-propagation, fast-fracture, and melting regions (Figure 6:4a).
Fatigue cracks originate from the corner of the tension surface, as indicated by the ellipse
(Figure 6:4a). There is a quarter-ellipse boundary shown by the dashed line between the
crack-propagation region and the fast-fracture region (Figures 6:4a and 6:4b). The
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fracture feature in the quarter-ellipse region is presented in more details (Figure 6:4c).
Many fatigue striations can be clearly seen. Moreover, there are some dimpled fracture
locations. Outside the quarter-ellipse region is the fast-fracture region with the vein-like
pattern (Figure 6:4d). Besides the three regions discussed above, the melting region can
be observed, which is along one side of the sample. The dashed line shows that the
boundary between the fast fracture and melting regions (Figure 6:4e). Figure 6:4f is an
amplified micrograph in the fast-fracture region, which clearly exhibits the presence of
vein structures and droplets. One interesting phenomenon is that alternate fast fracture
and crack-propagation regions were found at some locations in the fast-fracture region
(Figure 6:4g).

6.3

Discussions

6.3.1 Improvement of the fatigue-endurance limit
The fatigue-endurance limits and fatigue ratios of the (Zr58Ni13.6Cu18Al10.4)99Nb1
BMGs (559 MPa and ~ 0.328) are found to be much higher than the
Zr41.25Ti13.8Cu12.5Ni10Be22.5 BMGs (145 MPa and ~ 0.09) and Zr41.25Ti13.8Cu12.5Ni10Be22.5
BMGs reinforced by the Zr-Ti-Nb ductile phase (292 MPa and ~ 0.2). The reason for this
distinct difference could be explained in several aspects. First, for the pure BMGs, there
are generally fatigue striations in the crack-propagation region.(20) However, there is
some dimpled fracture together with the fatigue striations (Figure 6:4c). The dimpled
fracture could be caused by nano particles (shown in Figure 6:1b), because they could act
as the initiation sites for dimples of the present BMGs.(20) The nano-crystalline phases
may significantly improve the crack-growth resistance, leading to the improvement of the
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fatigue life and fatigue ratio because the fatigue-crack-growth direction is not only
vertical but also oblique to the loading axis, which may increase the tortuosity of the
cracking path, and, thus, increase the fatigue resistance.(17, 21) Second, Gilbert et al. and
Flores et al. performed tests using the samples with 3 mm × 3 mm × 50 mm and 3 mm ×
3 mm × 30 mm, respectively,(16-17) which are greater than that in the present tests (2
mm × 2 mm × 25 mm). The greater test volume could contain more defects, stress
concentration, and free volumes, which will enhance the possibilities for crack initiation,
and shear-band formation, and, hence, reduce the fatigue life and fatigue ratio, relative to
the smaller test volume in the present test conditions. Third, generally, higher tensile
strengths can lead to greater fatigue-endurance limits. The tensile strength of the present
amorphous alloy is 1.7 GPa, which is higher than that of the Zr41.25Ti13.8Cu12.5Ni10Be22.5
BMGs reinforced by the Zr-Ti-Nb ductile phase (1.4 GPa). However, the tensile strength
of the pure Zr41.25Ti13.8Cu12.5Ni10Be22.5 BMGs is 1.9 GPa, which is greater than the
present material, but with a lower fatigue-endurance limit and fatigue ratio. This trend
could result from the brittleness of the pure amorphous alloy.

6.3.2 Toughness calculation
In order to understand the fatigue behavior, the stress-intensity factor, K, for a
quarter-elliptical corner crack shown in Figure 6:5 subjected to bending loads is
presented below:(22)
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K = ( H c Sb ) π

a
a a c
Fc ( , , , φ )
Q
c t b
(6:2)

where Hc is the bending multiplier for a corner crack in a plate, Sb is the maximum stress,

Q is the shape factor for an elliptical crack, a is the depth of the crack, c is the half length
of the crack, t is the thickness, b is the width, and φ is the parametric angle of the ellipse
with the unit of degree. The function, Fc, was chosen as:

a
a
Fc = [ M 1 + M 2 ( ) 2 + M 3 ( ) 4 ] g1 g 2 f φ f w
t
t

(6:3)
a
a
Q = 1 + 1.464( )1.65 , < 1 ,
c
c

a
M 1 = 1.08 − 0.03( ) ,
c

M 2 = −0.14 +

0.16
,
a
0.3 +
c

a
a
M 3 = −0.5 + 0.25( ) + 14.8(1 − )15 ,
c
c

a
g1 = 1 + [0.08 + 0.4( ) 2 ](1 − sin φ ) 3 ,
t
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a
g 2 = 1 + [0.08 + 0.15( ) 2 ](1 − cos φ ) 3 ,
t
a
f φ = [( ) 2 cos 2 φ + sin 2 φ ]1 / 4 ,
c

f w = 1 − 0.2λ + 9.4λ2 − 19.4λ3 + 27.1λ4 , λ =

c a c
, < 0.5 ,
b t b

H c = H 1 + ( H 2 − H 1 ) sin p φ ,

P = 0.2 +

a
a
+ 0.6 ,
c
t

H 1 = 1 − 0.34

a
aa
− 0.11
,
t
c t

H 2 = 1 + G21

a
a
+ G22 ( ) 2 ,
t
t

a
G21 = −1.2 − 0.12 ,
c
a
a
G22 = 0.55 − 1.05( ) 0.75 + 0.47( )1.5
c
c
Using the above Equation and the measured cracking dimension, a and c, the apparent
fracture toughness values are calculated. The apparent fracture toughness values for the
(Zr58Ni13.6Cu18Al10.4)99Nb1 BMGs are exhibited as a function of the applied stress range
in Figure 6:5. It was found that the toughness value somewhat decreases with the applied
stress range. Compared with the typical fracture-toughness values of pre-cracked pure
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amorphous alloys (~ 15 - 20 MPa m ) measured using fatigue-pre-cracked specimens,
(18) the current material exhibits somewhat higher toughness (26 - 40 MPa m ). The

pre-cracked fatigue specimen could show low fracture-toughness values in order to
ensure that the pre-existing crack-tip plastic zone was small. The present higher fracture
toughness could result from a large pre-existing plastic zone at the crack tip immediately
prior to the fracture. However, the current nano-particles-reinforced BMGs could endure
the extensive plastic deformation.(23-25) The high-density shear bands and the branched
shear bands in the damage zone (Figures 6:3a, 6:3c, 6:3e, and 6:3f) are another indication
of the good plasticity and the high fracture toughness.

6.3.3 Formation of shear bands
Under tension and compression tests, shear bands are formed, when the stress is
higher than the yield strength,(6) which is much greater than the stress range in the
fatigue experiments. However, under four-point-bend fatigue experiments, the applied
stress range, σr, is obviously lower than the yield strength, σy. For example, σr = (0.31 0.51)σy in the present tests. At these low stress levels, many shear bands are still observed,
as seen in Figures 6:4a-4e, indicating that the formation of shear bands can occur at a
stress level far below the yield strength. The reason is that the amorphous alloys can
soften under symmetrically cyclic loading, which will be proved in chapter 7.(26)
According to Zhang’s calculations, the amorphous alloys fracture above an angle
of 45° under the normal tension stress and below 45° under the normal compression
stress, indicating that the fracture behavior of metallic glasses under tensile and
compression loadings does not follow the von Mises criterion.(27) The stresses on the
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tension and compression surfaces of four-point-bend specimens are pure tension and pure
compression, respectively. The angular differences of the shear bands on the tension and
compression surfaces can be explained by the Zhang’s theory.(27-29) From Figure 6:3a
and 3c, the density of shear bands observed on the tension surface is generally greater
than that on the compression surface. Thus, the spacing of the shear bands under the
tension stress is smaller than that on the compression stress. This feature could be
explained by the difference of the strength between the tension and compression stresses.
Generally, the tension strength is somewhat lower than the compression strength.(27) The
tension and compression stresses are symmetric along the center line on the crosssectional plane of the four-point-bend sample. At the same stress level, the tension
surface yields and deforms plastically more easily than the compression surface. Thus,
more shear bands can be formed on the tension surface, with smaller spacing.(30-32)
Besides the straight shear bands induced by the normal stress, there are many
wavy shear bands on the tension and compression surfaces, which are perpendicular to
the outer fiber-stress direction. The density of the wavy shear bands is greater than that of
the straight shear bands. The high-density wavy shear bands may be related to the second
maximum shear stress plane shown in Figure 6:3g.

6.3.5 Fatigue-fracture mechanisms
The fatigue and fracture behavior of crystalline materials has been widely studied,
and their fatigue damage mechanisms have been identified. Persistent-slip bands (PSB),
deformation bands (DB), twinning, and grain boundaries (GB) are considered as the
preferential sites for the nucleation of fatigue cracks. However, bulk-metallic glasses do
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not have these kinds of damage mechanisms. Therefore, their fatigue crack-initiation and
growth behaviors should be explained by other mechanisms.
From the present results in Figure 6:3, the fatigue-damage process could include
the following steps. First, shear bands form on the tension surface at the beginning of the
fatigue process at the lower stress level than the yield strength, which is caused by the
normal tension stress and cyclic softening.(26) The presence of shear bands in the glass
could reduce its strength by providing a site for the further plastic flow, which contributes
to the nucleation of a fatigue crack. Under cyclic loading, the gradual weakening, dilation,
tearing, and final opening of the shear band will lead to the formation of the micro-crack.
Figure 6:3e shows the micro-cracks produced in shear-off steps. The formed cracks
propagate perpendicularly to the outer fiber-stress direction. Along the propagation path,
there are many fatigue striations and dimpled regions, which may be caused by the
presence of the nano-crystalline phase, since the nano-crystalline phase could act as the
nucleation site of the dimpled fracture. There are no vein-like structures in the crackgrowth region (Figures 6:4b and 6:4c). This trend demonstrates that the melting
phenomenon does not occur at the tip of the fatigue crack during the stable propagation
stage. It means that the released elastic energy due to crack propagation is too low to melt
the metallic glass locally. This result is consistent with the observations in the
literature.(19, 29, 33-36) However, in the fast-fracture region, the vein-like structure
appears to be caused by the increase of the temperature.(27, 29, 37) The stresses change
linearly from the zero to maximum stress between the center and the surfaces of the
sample under the four-point-bend loading. There could be some sites with lower stresses
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inside the sample. Thus, some fast fracture and crack-propagation regions could appear
alternately (Figure 6:4g). However, this interesting phenomenon needs be further studied.
The elastic energy is released abruptly during the final fracture, which causes the large
increase of the temperature. It could be high enough to melt the material. Therefore, some
droplets exist in the melting region.

6.4

Summary

1

(Zr58Ni13.6Cu18Al10.4)99Nb1 shows very good four-point-bend fatigue properties
with a fatigue-endurance limit (559 MPa) and fatigue ratio (~ 0.328).

2

The toughness of the (Zr58Ni13.6Cu18Al10.4)99Nb1 is estimated to be between 26
and 43 MPa m , which is somewhat greater than the typical values (~ 15 - 20
MPa m ) of the Zr-based metallic glasses.

3

The shear bands formed at a much lower stress level due to cyclic loading,
relative to monotonic loading. The angle of the shear band caused by the normal
tension stress is larger than 45°. However, the angle caused by the normal
compression stress is smaller than 45°. The density of shear bands on the tension
surface is greater than that on the compression surface because the tension
strength is somewhat lower than the compression strength. Many wavy shear
bands are produced on both tension and compression surfaces.

4

Fatigue micro-cracks initiate along the shear band on the tension surface and
propagate perpendicularly to the outer fiber-stress direction. The fracture
morphology can be divided into four regions. There are numerous significant
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fatigue striations induced by the gradual propagation of the fatigue crack and
dimpled fracture, which may be associated with the presence of nano-crystalline
phases. The vein-like fracture features are observed in the fast-fracture region.
The alternate vein-like pattern and fatigue-striation region were observed at some
locations on the fracture surface. Many droplets formed during the final melting
region.
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CHAPTER

7:

FATIGUE

SOFETENING

OF

(ZR58NI13.6CU18AL10.4)99NB1 BMGS
7.1

Introduction
Based on the deformation map, the deformation of the bulk-metallic glass (BMG)

could be divided to be homogeneous and inhomogeneous deformation. At high
temperatures and low strain rates, the BMGs trend to show homogeneous deformation.
However, at low temperatures and high strain rates, the BMGs trend to be demonstrate
inhomogeneous deformation.(1-4) The inhomogeneous deformation is shown in
compression stress-strain curves by serrations.(5-6) The stress-fluctuation range could
give the inhomogeneity of deformation. Generally, a small stress-fluctuation range means
relatively homogeneous deformation, and a large stress-fluctuation range indicates
relatively inhomogeneous deformation.(2) On the fracture surface, the plastic
deformation concentrates in shear bands with the decrease of the viscosity and the
increase of the free volume and temperature, thus leading to the strain softening during
inhomogeneous deformation. The strain softening of BMGs has been widely investigated
under a static compression stress and has also been proved directly from the decreasing
stress of the stress vs. strain curve in the plastic region.(7) Generally, under static-loading
tests, shear bands are formed when the stress is higher than the yield strength. However,
shear bands are also observed under different fatigue experiments with the cyclic loading,
and the maximum stress is obviously much lower than the yield strength.(8-9) The reason
is proposed to be fatigue softening under cyclic loading.(10) Nevertheless, fatigue
softening is rarely reported and proved, which is worthy of studying, since the formation
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of the shear bands and the fatigue softening are closely related to the fatigue failure of
BMGs during the fatigue process.

7.2

Results and Discussions
The four-point-bend-fatigue samples were divided into three sections at the

location of the inner and outer pins: A within the inner pins, B between inner and outer
pins, and C outside the outer pins shown in Figure 7:1. The surfaces of samples from A,
B, and C after four-point-bend fatigue were observed by the scanning-electron
microscopy (SEM) shown in Figure 7:2. There are many straight and wavy shear bands
in the A section and B section (Figures 7:2a and 7:2b). However, the spacing between
shear bands in A section is much smaller than B section, in other words, the shear-band
density in A section is higher than B section. No shear bands are observed in the C
section (Figure 7:2c). This trend could be explained by the stress state at the different
locations under four-point-bend fatigue shown in Figure 7:1b. The tension-side surface in
the A section has the homogeneous maximum tension stress. The tension-side surface in
the B section has the linear decrease tension stress from the inner to outer pins. However,
the tension-side surface in the C section has a zero tension stress. The larger stress leads
to greater plastic deformation and more shear bands. From this point, the distribution of a
tension stress is in agreement with the distribution of shear bands.
The thermal properties are obtained from DSC shown in Figure 7:3. The
amorphous volume percentage should be proportional to the area of the crystallization
peak. The areas of the crystallization peak for A, B, and C sections are ~ 49.86, ~ 42.57,
and ~ 33.48 J/g, respectively. It indicated that some crystallization happens after fatigue
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tests under the stress even much lower than the yield stress. The A section has more
crystallization phases than the B section, since the A section has larger fatigue damage
(Figure 7:2b). Another point should be noticed that the crystallization peak changes from
one peak in the C section to two superimposed peaks in A and B sections. The difference,
between the undeformed C section and deformed A and B sections, is that there are shear
bands in the A and B sections, while there are no shear band in the C section. From this
point, the structure in the shear bands has some effects on the crystallization, which
attributes to the formation of the high-temperature crystallization phase.
The compression tests are done on A, B, and C sections, respectively. Each
section is run twice. The similar trends are shown in Figure 7:4a. The strength increases
as the order of A, B, and C sections. However, the ductility decreases with the same order.
The decrease of the strength suggested that the softening really happens after fatigue. The
free-volume model could explain the possible reason for the decreasing strength. The
plastic deformation could happen under cyclic loading, which leads to the formation of
shear bands. The free volume increases in these shear bands, which results in the decrease
of the viscosity. The pre-existing shear bands formed in the fatigue test makes it possible
for the shear bands to have repeated operations during the compression test. The initiation
stress for the shear bands to have repeated operations is smaller than outside the shear
bands, which caused the decreased strength for the A and B sections, compared with the
C section. A higher shear-band density in the A section improves the possibility for the
repeated shear-band operation compared with the lower shear-band density in the B
section. Thus, the strength for the A section with a higher shear-band density is lower
than the B section with a lower shear-band density. From the previous discussion,
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regardless of being caused by static or cyclic loading, the free-volume increase and
viscosity decrease could lead to the softening of the materials. The critical stress value
that could lead to the same free volume increase and viscosity decrease under cyclic
loading is much lower than that under static loading, because there is much stronger
effect from the time and frequency under cyclic loading.
Besides the strength change, the stress-fluctuation range is also different for A, B,
and C sections. The average stress-fluctuation ranges for C, B, and A sections are 27 MPa,
14 MPa, and 8 MPa, respectively. This trend could be explained by the deformation and
fracture of the bulk-metallic glass. During the plastic-deformation process, the stress
increase in the serration indicates that the environment exerts work to the materials.
However, the stress decrease in the serration suggests that the materials exert work to the
environment. The stress fluctuation corresponds to the shear-band operation. The smallstress fluctuation range indicates that the plastic deformation is more homogeneous. The
reason could be that the energy is released most for the A section during fatigue tests,
then the B section, and the C section does not have energy releases. The energy that could
be released during compression tests should be lowest for A, then B sections, and the C
section could release the highest energy. The more energy-released section during the
fatigue process is more stable. The more stable materials should lead to the smallest
stress-fluctuation range. Thus, the A section has the smallest stress-fluctuation range,
then the B section, and the C section has the largest stress-fluctuation range. From
another viewpoint, during the plastic process, the plastic deformation concentrates in the
shear bands. The free volume will increase, and the viscosity will decrease in the shear
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bands. As the plastic strain increases, the shear bands could operate repeatedly at the preexisting shear bands. The free-volume increases and the viscosity decreases continuously.
However, the increase of the free volume and the decrease of the viscosity are not endless.
When the free volume and the viscosity reach their limit, the new shear-band initiation
should find other locations or materials fracture. Comparing with A, B, and C sections,
the free volume induced in the fatigue process is decreasing as the order of A, B, and C.
If the limited free volume and viscosity in each shear band are the same, the section with
a more free-volume increase and viscosity decrease in the fatigue process suggested the
less free-volume increase and viscosity decrease in the compression process. From this
point, the C section should have the largest free volume and viscosity changes in the
compression process, then the B section, and finally the A section. Figure 7:5 gives the
ex-situ shear-band observation for A, B, and C sections after fatigue tests. The A section
has the highest shear-band density, then the B section, and then the C section. At the
same strain rate, a higher shear-band density suggests the more homogeneous
deformation and the lower serration range in the compression curve. From this point, the
deformation trends to be more homogeneous after fatigue tests in agreement with the
compression curves.
The free-volume and viscosity changes could be shown indirectly on the fracture
surface after compression tests shown in Figure 7:6. Figures 7:6 a1, b1, and c1 for A, B,
and C sections show the vein-pattern fraction on the fracture surface increases as the
order of a1, b1, and c1, which indicate the viscosity change during compression tests
decreases as the order of C, B, and A section. Figure 6 a2, b2, and c2 give the melting

91

regions for A, B, and C sections. The melting phenomenon is less and less significant as
the order of C, B, and A sections, It is indicated that the temperature increase or the
energy release when the materials fail increases as the order of A, B, and C section in
agreement with the free-volume increases. This phenomenon is also in agreement with
DSC results. After fatigue deformation, more energy is released for A section, and some
energy is released for B section. However, no energy released for C section. Thus, the
further released energy during compression tests should be increased as the order of A, B,
and C. The temperature increase when the samples fail under compression tests should be
in the order of A, B, and C in agreement with the change of the vein-pattern percentage
on the fracture surface.

7.3

Summary

1

Shear bands are formed on the tension surface of the samples with the maximum
stress much lower than the yield stress after four-point-bend fatigue experiments.
The shear-band density of A section (the inner pins) is higher than B section
(between inner and outer pins). No shear bands are observes in C section (outside
the outer pins). The shear-band distribution of the different sections is related to
the stress distribution.

2

The crystallization-peak area is the smallest within the inner pins, then between
inner and outer pins, and the largest outside the outer pins, which indicates the
energy-release difference during fatigue processes.

3

The fatigue softening is proved by the strength decrease for the sections of inner
pins and between inner and outer pins after fatigue tests, compared with the
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section, outside the outer pins.
4

The deformation becomes more homogeneous as the shear-band density induced
in the fatigue process increases. The reason is that materials become more stable
after the energy released during the fatigue process.

93

CHAPTER 8:

DEFORMATION AND FATIGUE BEHAVIOR OF

ZR50AL10CU37PD3 BMGS UNDER COMPRESSION-COMPRESSION
CYCLIC LOADING
8.1

Introduction
Bulk-metallic glasses (BMGs) have been widely investigated during the past 15

years due to their high strength, high hardness, and high fracture toughness, excellent
corrosion, friction, and wear resistance, good magnetic properties and so on.(1-2) To
realize their potential structural applications, the understanding of the mechanical
properties is paramount, with fatigue properties being of critical importance for the
applications involving cyclic loading.(3-6) Some results have been obtained under threepoint-bend, four-point-bend, and tension-tension loading conditions. The fatigue-failure
surfaces typically include the crack initiation, propagation, fast fracture, and melting
regions, in which the crack-propagation area generally dominates the entire fatigue
life.(7-10) However, few compression-compression fatigue studies were performed.(1112) The stress state of the compression-compression fatigue is significantly different

from three-point-bend, four-point-bend, and tension-tension fatigue. Are the fatigue life
and fatigue-endurance limit different for fatigue tests under various loading conditions?
Are there any variations for the deformation mechanisms under different fatigue loading
conditions? All these questions are worthy of investigations.
In this part, the Zr50Al10Cu37Pd3 BMG with some nano-scale phases was prepared.
The stress versus cycle-life (S/N) curve was studied under the compression-compression
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fatigue-testing conditions. The surface and the fracture morphology after fatigue were
observed, and the mechanisms of the fatigue and fracture were analyzed. The difference
between compression-compression and tension-tension fatigue mechanisms was
discussed.

8.2

Results and Discussions

8.2.1 XRD and HRTEM
The XRD pattern mainly consists of a broad peak in Figure 8:1a. There are no
appreciable diffraction peaks corresponding to crystalline phases, indicating that the
amorphous nature of the present alloy is present. Figure 8:1b shows high-resolution
transmission-electron microscopy (HRTEM) and selected-area-diffraction (SAD) images,
which display a typical maze-like pattern expected to be the amorphous structure.
However, there are some nano-crystalline particles with a diameter less than 5 nm.(13)

8.2.2 Stress versus life curves
The fatigue-endurance limits of high-strength crystalline metallic materials are
typical roughly equal to half of the ultimate tensile strength.(11) Above the fatigueendurance limit, the fatigue life is usually dominated by the loading cycles needed to
initiate fatigue damage, generally in the form of a fatigue crack, rather than the cycles
needed to propagate the damage. Up to now, according to the reported result, some bulkmetallic glasses have relatively low fatigue-endurance limits under three-point-bend and
four-point-bend loading conditions.(14-16) This trend could be explained as follows. The
bulk-metallic glass is generally fabricated using the arc melt plus suction or drop casting.
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The surface imperfections, such as shallow pits, polishing scratches, holes, and so on, are
not avoidable. These pre-existing defects and their propagation during the early stages of
fatigue could cause the low fatigue-endurance limits. Another probability to cause
relatively low fatigue-endurance limits of bulk-metallic glasses is the tension stress under
three-point-bend and four-point-bend fatigue tests. The strength of the bulk-metallic glass
is generally obtained from compression tests not from tension tests. The compression
strength is larger than the tension strength due to the deviation from the Von-Misses
criteria of the BMGs. It could be deducted that the tension stress is deleterious for the
strength and probably the fatigue-endurance limit under fatigue tests. However, some
other bulk-metallic glasses have relative high fatigue-endurance limits under tensiontension fatigue tests.(17-19) The relative high fatigue-endurance limit could be related to
the specimen geometries and testing procedures. The test volume under the four-pointbend condition is greater than that in the notched tension-tension sample. The smaller test
volume in the tension-tension test could contain fewer defects, stress raisers, and free
volumes, which will decrease the possibilities for the shear-band formation, crack
initiation, and, thus, improve the fatigue-endurance limit. From the previous investigation,
the stress-state effect is still not clear. If the tension stress is taken out, such as under
compression-compression fatigue tests, how will the fatigue life and fatigue-endurance
limit change?
The stress range, ∆σ (=σmax. - σmin., σmax. and σmin. are the maximum and
minimum fatigue stress, respectively), is plotted as a function of cycles to failure, Nf, for
the Zr50Al10Cu37Pd3 BMG under compression-compression fatigue (R = 10) and notched
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tension-tension fatigue (R = 0.1) in Figure 8:2 (indicated by the dots or and stars,
respectively). The relationship between the maximum stress and the fatigue life above the
fatigue-endurance limit under compression-compression fatigue could be expressed by
the following Equations 8:1 and 8:2:
Compression-compression fatigue test: Δσ = 3584.5 − 410.7 log N f
(8:1)
Tension-tension fatigue test: Δσ = 2468.8 − 369.4 log N f
(8:2)
According to the stress-life curves, the fatigue life under the compression-compression
fatigue is much longer than that under the tension-tension fatigue above the fatigueendurance limit shown in Figure 8:2a. Although with the longer fatigue life above the
fatigue-endurance limit under the compression-compression fatigue, the fatigueendurance limit under the compression-compression fatigue is comparable with that
under the tension-tension fatigue. It appears that the stress state (compressioncompression or tension-tension) could only affect the fatigue life above fatigueendurance limit but not the fatigue-endurance limit. This result has some discrepancy
with the literature results, as discussed below.(11)
As shown in Figure 8:2, Hess et al. reported that the stress range (∆σ = σmax. σmin.) versus fatigue life curves for Zr41.25Ti13.75Ni10Cu12.5Be22.5 bulk-metallic glass under
different kinds of fatigue tests (open dots).(11) The results exhibit that not only the
fatigue life under the compression-compression fatigue (open circle dots) is much longer
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than those of four-point-bend (open square dots) and fully reversed tension-compression
fatigue (open triangular dots). The fatigue-endurance limit under compressioncompression fatigue is also much higher than four-point-bend and tension-compression
fatigue. This result indicates that the stress states (four-point bend, tension-compression,
and compression-compression) influence not only the fatigue life but also the fatigueendurance limit, which is different from our result with only longer fatigue lives but
comparable fatigue-endurance limits under the compression-compression fatigue, relative
to the tension-tension fatigue.
Comparing our results with Hess’ data, both the fatigue life and fatigue–
endurance limit of Zr50Al10Cu37Pd3 (solid circle dots) based on the stress range are
comparable with those of Zr41.25Ti13.75Ni10Cu12.5Be22.5 (open circle dots) under
compression-compression fatigue tests shown in Figure 8:2. Generally, the fatigueendurance limit is affected by the strength, and the fatigue life is dominated by the crackpropagation region for bulk-metallic glass.(10, 12, 16) Since the compression strengths of
both Zr50Al10Cu37Pd3 and Zr41.25Ti13.75Ni10Cu12.5Be22.5 are both estimated to be 1,900
MPa, the comparable fatigue-endurance limit should be reasonable. The structure of
Zr41.25Ti13.75Ni10Cu12.5Be22.5 is a pure glass, while the structure of Zr50Al10Cu37Pd3 is a
glass matrix with some nano-particles. The size of nano-particles is less than 5 nm, which
may not have very large effects on the crack propagation. Thus, the comparable fatigue
life of Zr50Al10Cu37Pd3 and Zr41.25Ti13.75Ni10Cu12.5Be22.5 can also be understood. The
compression strength is usually higher than the tension strength. The fatigue-endurance
limit without the tension stress should be higher than that with the tension strength, which
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means that the fatigue-endurance limit under compression-compression should be higher
than that of the four-point-bend or tension–compression condition. Now the question is
why our result exhibits the comparable fatigue-endurance limit but not the higher fatigueendurance limit under the compression-compression fatigue, relative to the tensiontension fatigue.
The possible reason is given as follows. For the bulk-metallic glass, the fatigue
life above the fatigue-endurance limit for BMG is generally dominated by the number of
cycles needed to propagate the damage to a critical size. That is to say, the fatigue life of
bulk-metallic-glass materials is controlled by the crack-propagation region not the
initiation region.(10, 12, 16) When the stress range is higher than the fatigue-endurance
limit, there is the crack-propagation region, which determines the fatigue life. The crack
could propagate faster under the tension-tension stress than under the compressioncompression stress, which could cause the relative longer fatigue life under the
compression-compression test. While, when the stress range is lower than the fatigueendurance limit, there is no crack-propagation region. Thus, the fatigue failure
mechanism of bulk-metallic glasses could not be used when the fatigue-endurance limit is
discussed. The fatigue-endurance limit could probably be related to the maximum stress
to cause cracks to initiate like in the case of crystalline materials. If the bulk-metallic
glasses do not fail, the brittleness will not be shown. The maximum stress to cause cracks
to initiate under the tension-tension and the compression-compression tests could be
comparable. Thus, the fatigue-endurance limits could be comparable under tensiontension and compression-compression experiments. If this explanation is right, the
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fatigue-endurance limits under different stress states will not have too much difference.
Some results also show the similar fatigue-endurance-limits under four-point-bend and
tension-tension tests.(19) It should be studied further carefully.

8.2.3 Fracture surfaces
The fatigue crack can originate from the local shear bands in Figure 8:3b, as
shown in Figures 8:3c and 8:3d. Spaepen (20) proposed the reason. There exits an
excessive free volume within a narrow shear band due to shear-induced disordering and
diffusion-controlled reordering. The free-volume region is mechanically weak relative to
the surrounding volume. Thus, a shear band could be regarded as the potential site for the
nucleation of a fatigue crack shown in Figures 8:3c and 3d.
The significant shear bands form and pass through the whole shear plane under
the compression-compression fatigue shown in Figure 8:3b when maximum stress equal
1,806 MPa. The more shear bands form under compression-compression than tensiontension, suggesting the better plasticity under compression-compression.(17-19) The
reason is that the plastic deformation of the materials is affected by the stress-state
coefficient, which is defined in the following Equation 8:3:

α=

τ max
S max

=

σ1 − σ 3
2 ⎡⎣σ 1 − υ (σ 1 + σ 3 ) ⎤⎦
(8:3)

where τ max is the maximum shear stress calculated by the third strength theory, Smax is the
maximum normal stress calculated by the second strength theory, σ1, σ2, andσ3 are the
maximum and minimum principle stress, and υ is the Poison’s ratio.
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Under a uni-axial tension stress (tension mean stress in the tension-tension fatigue):

σ 1 = σ , σ 2 = σ 3 = 0, α = 1/ 2
Under a uni-axial compression stress (compressions mean stress in the compressioncompression fatigue):

σ 1 = σ 2 = 0, σ 3 = −σ , α = 2
Generally, higher α correlates to the larger plastic deformation under compressioncompression fatigue, while lower α correlated to the smaller plastic deformation under
tension-tension fatigue. Thus, more shear bands could be formed under compressioncompression fatigue tests.(17-19)
The fracture surface of the fatigued bulk-metallic glass occurs along near the 45°
maximum shear plane under compression-compression-fatigue tests shown in Figure 8:
3a. However, the fracture surface is generally perpendicular to the loading direction
under tension-tension tests.(17-19) Why is there a difference in the angle of the fracture
plane under the compression-compression and tension-tension tests? The reason for the
fatigue-fractured plane perpendicular to the loading direction under the tension-tension
fatigue has been explained by Zhang.(10) Although the shear bands form at the beginning
of the fatigue-damage process along the 45° shear plane, the crack propagation is
perpendicular to the load direction. This trend caused the final fracture surface to be
perpendicular to the loading direction. The reason that the crack propagates perpendicular
to the loading direction not along the shear-band direction continuously was not given.
The different fracture surface could also be explained by the stress-state
coefficient shown in Figure 8:4. The fracture strength of the materials (σf) is about 1.9
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GPa. The shear fracture strength (τf) could be estimated to be 1.9 / 2 = 1.343GPa . Under

the uni-axial tension stress, the shear bands form, and the cracks initiate from the shear
bands. The materials reach the fracture strength before it reach the shear-fracture strength.
The normal stress is the main factor to affect the fracture. The fracture is a Mode I mixed
with Mode II but the Mode I is the principle. However, under the uni-axial compression
stress, the shear bands also form, and cracks initiate from the shear bands. The materials
reach the shear-fracture strength before it reach the fracture strength. The fracture is also
Mode I plus Mode II but Mode II is the principle. Mode I causes the fracture surface
vertical to the uni-axial tension direction under tension-tension fatigue. However, Mode
II causes the fracture surface along the ~ 45o shear plane.
The fatigue-damage processes of bulk-metallic glass generally include the
following steps. First, shear bands form at the beginning of the fatigue process. The
presence of a shear band in the glass reduces its strength by providing a site for a further
plastic flow. Micro-cracks develop along the shear bands, which form the crack-initiation
region. Under cyclic loading, the cracks propagate. As the crack propagates, the area to
endure the load becomes smaller and smaller, and the stress becomes larger and larger. At
the end, the fast-fracture region forms. In the fast-fracture region, the fracture velocity is
so fast that the elastic energy releases at a relative short time. The temperature increase
results in the formation of the vein pattern. (1-2) As the fracture proceeds continuously,
the residual-loading area is too small to endure the further deformation. The fracture
occurs abruptly. The last failure causes the sudden release of the elastic energy, and the
temperature increase so much that the melting region forms.(10)
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The fatigue-damage process of the compression-compression fatigue test is
similar to other kinds of fatigue experiments, including the crack-initiation, propagation,
fast-fracture, and melting regions. The fracture morphology is shown in Figure 8:5a-5f.
Figure 8:5a is the crack-propagation region; Figure 8:5b is the crack-propagation region
near the fast fracture; Figure 8:5c the boundary between the crack-propagation region and
the fast-fracture region; Figure 8:5d is the fast-fracture region; Figure 8:5e is the
boundary between the fast-fracture and the local-melting region; and Figure 5f is the
melting region. Due to different stress states, there are some differences in the fracture
morphologies between compression-compression and tension-tension experiments.
First, there are many fatigue striations because of the blunting and re-sharpening
of the crack under the tension-tension cyclic-loading conditions.(10, 12) However, there
are no fatigue striations in the crack-propagation region under the compressioncompression fatigue shown in Figure 8:5a.(17-19) This trend could possibly result from
the absence of the tension stress under compression-compression experiments and the
weakness of the shear bands. The high free volume in the shear band leads to the
decrease of the viscosity of the bulk-metallic glass, which causes the velocity of the crack
propagation to increase at high-tension stresses and decrease at relative low-tension
stresses due to the crack-propagation plane enduring the normal stress. The re-sharpening
and blunting of the crack propagation caused by the change of the fracture velocity
results in the formation of the fatigue striation (Mode I). However, there is no tension
stress under the compression-compression fatigue test. The change of the velocity of the
crack propagation under the compression-compression test is not as significant as that
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under the tension-tension test because of the blockage of an un-fractured part on the
fracture part. The blunting and re-sharpening of the crack propagation is not significant,
either. Thus, the fatigue striation could not be formed under the compressioncompression test shown in Figure 8:5a (Mode II). Second, there is a clear boundary
between the crack-propagation and fast-fracture regions under the tension-tension test.
The corresponding fracture morphologies are the fatigue striation and vein pattern,
respectively. However, under the compression-compression fatigue, although there is also
a clear boundary, the fracture morphologies of both the crack-propagation near the
boundary and fast-fracture regions are vein patterns except with different vein pattern
sizes. The smaller vein pattern size in the crack-propagation region could suggest a
relatively slow fracture velocity, compared with the larger vein pattern size in the fastfracture region shown in Figure 8:5b-5d. This result could indicate that the transition
from the crack-propagation region to fast-fracture region is very slow in the compressioncompression fatigue, which could probably be the reason of the longer fatigue life above
the fatigue-endurance limit, relative to the tension-tension fatigue. Third, the melting
region under tension-tension fatigue tests usually consists of large vein patterns combined
with some droplets. However, nearly no vein pattern was observed in the melting region
under the compression-compression fatigue shown in Figure 8:5e and 5f. The whole
melting region is almost covered by the solidified liquid. The energy could be stored in
the materials during the fatigue test as the fatigue cycles increase. When the materials
fracture, the stored energy de-absorb, which could lead to the increase of the temperature.
Since the fatigue life under the compression-compression fatigue test is much longer than
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tension-tension fatigue tests. More energy could be de-absorbed in the materials, which
cause more materials melt under the compression-compression fatigue.

8.3

Summary

1

The fatigue life of the compression-compression fatigue is much longer
than that of the tension-tension fatigue.

2

The fatigue-endurance limit of the compression-compression fatigue is
comparable with that of the tension-tension fatigue.

3

The fracture surface of the sample under the compression-compression fatigue is
along the ~ 45° shear fracture, while the fracture surface of the sample under the
tension-tension fatigue is vertical to the loading axis.

4

Some shear bands under the compression-compression fatigue could be observed
even at the stress level lower than the yield stress, while the shear bands can be
generally observed above the yield stress under the compression test.

5

The cracks are present clearly on the specimen surface, which could be related to
the extension of shear bands.

6

The fracture surface could be divided into the crack-initiation, crack-propagation,
fast-fracture, and melting regions. There are significant boundaries between
regions. The difference on the facture surfaces of three-point-bend, four-pointbend, and tension-tension tests is that there are no fatigue striations in the crackpropagation region in the compression-compression tests. The fracture
morphologies just before and after the fast-fracture region are both vein patterns
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with different sizes. There is a large area covered by the solidified liquid in the
melting region, which could be caused by the more abrupt fracture under the
compression-compression stress.
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CHAPTER 9: THE S/N STATISTICS MODELING OF BMGS UNDER
COMPRESSION-COMPRESSION

AND

FOUR-POINT-BEND

FATIGUE
9.1

Introduction
The deformation and failure behaviors of BMGs has been discussed in chapter 6

under four-point bend cyclic loading and chapter 8 under compression-compression
cyclic loading.(1-2) There are some differences in the fatigue life and fatigue failure
surface under various loading modes. The fatigue life under compression-compression
cyclic loading is much higher than those under four-point-bend cyclic loading. There are
many fatigue striations in the four-point-bend fatigue failure surface but not any fatigue
striation in the compression-compression fatigue failure surface. The melting
phenomenon under the compression-compression is more significant than four-pointbend. The conclusions are obtained that the fracture under four-point-bend cyclic loading
is open mode (Mode I) and the fracture under compression-compression cyclic loading is
shear mode (Mode II). Open mode fracture with the tension stress can accelerate and the
shear mode fracture with the compression stress can slow the fatigue failure of BMGs.
In order to further prove the previous conclusions, the fatigue data of BMGs with
various compositions under different loading modes are collected from the literature. The
general S/N statistics modeling is obtained. The fatigue deformation and failure
mechanism of BMGs could be further understood.
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9.2

Results and Discussions
The fatigue data is collected from the literature.(1-13) In order to avoid the

strength effect, the stress range is divided by the fracture strength to obtain the stress ratio
(stress range/fracture strength). The stress ratio versus fatigue cycles to failure is shown
in Figure 9:1a and b under compression-compression and four-point-bend cyclic loading,
respectively. The fatigue life and fatigue-endurance limit is not sensitive to the sample
compositions under the same loading mode, which indicates that bulk-metallic glass with
different compositions could be considered as the same homogeneous solids after being
corrected by the yield strength. In order to discuss the loading mode effect on the fatigue
life and fatigue-endurance limit, the experimental data with different compositions under
different loading modes is shown in Figure 9:2. It shows the significantly linear trend
when the stress ratio is higher than the fatigue-endurance limit corresponding to the 107
fatigue cycles. The linear relationship between the stress ratio and fatigue cycles for the
different loading modes could be shown:
Compression-compression cyclic loading:
Log ( StressRatioi ) = 0.372966 − 0.0636552 × Log ( FatigueCyclesi )
(9:1)
Four-point-bend cyclic loading:
Log ( StressRatioi ) = 1.1130013 − 0.2343326 × Log ( FatigueCyclesi )

(9:2)
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The mean confidence interval of the stress ratio at a specific fatigue cycle could be
calculated by:

Log (StressRatioi ) ± t (1 − α / 2; n − 2 )

⎡
⎢1
FatigueCyclesi − FatigueCycles
MSE ⎢ + n
⎢n
FatigueCyclesi − FatigueCycles
∑
⎢⎣
i =1

(

)

(

⎤
⎥
⎥
2 ⎥
⎥⎦

)

(9:4)
t means the T-distribution, α is the significance level, n is the number of the experimental
data, and MSE is the error mean square, which could be obtained from the statisticsfitting results, and x is the mean fatigue cycles.
The individual confidence interval for the stress ratio at a specific fatigue cycle could be
obtained by:

Log (StressRatioi ) ± t (1 − α / 2; n − 2 )

⎡
⎤
⎢ 1
FatigueCyclesi − FatigueCycles ⎥
⎥
MSE ⎢1 + + n
2 ⎥
⎢ n
FatigueCyclesi − FatigueCycles ⎥
∑
⎢⎣
i =1
⎦
(9:5)

(

(

)

)

The statistic-analysis results are given in Figure 9:3. The mean and individual confidence
intervals are drawn in Figure 9:2 using the dash lines under different loading modes.
According to the individual confidence interval, the fatigue-life range of a new bulkmetallic glass at a specific stress ratio could be predicted. The tedious fatigue
experiments could be avoided when the new bulk-metallic glass is used in the fatigue
environments.
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The fatigue-endurance limit is generally set at the maximum stress ratio
corresponding to the 107 fatigue cycles. The fatigue data could be divided into two
categories, including 1 (Fail if the fatigue cycles to failure < 107) or 0 (Limit if the fatigue
cycles ≥ 107). The logistic regression could be used to model the fatigue-failure
probability at a specific stress ratio shown in Figures 9:4a and b. The mathematic
relationship could be given as follows:
Compression-compression cyclic loading:

log e

Pi
= β 0 − β 1 xi = 3.39 − 8.82 xi
1 − Pi
(9:4)

Four-point-bend cyclic loading:

log e

Pi
= β 0 − β1 xi = 1.44 − 12.78 xi
1 − Pi

(9:5)
Pi is the fatigue-failure probability at the stress ratio xi. The calculated fatigue failure

probability and the stress ratio are drawn in Figure 9:4d. It could be seen that the fatiguefailure probability increases as the stress ratio increases, which is in agreement with the
materials-fatigue theory that the higher stress ratio has lower fatigue life. At the same
stress ratio, the fatigue-failure probability under compression-compression cyclic loading
is lower than four-point-bend cyclic loading. From this viewpoint, at the same stress ratio,
110

the compression-compression cyclic loading should have longer fatigue lives than fourpoint-bend cyclic loading. The conclusion could be drawn that the tension stress could
accelerate the fatigue failure and the compression stress could slow the failure, which is
also mentioned in the crystalline materials.(14)

9.3

Future work
If the tension-tension fatigue results are included, the stress ratio and fatigue life

curve is shown in Figure 9:7. The fatigue life and fatigue-endurance limit of the tensiontension fatigue is between the four-point-bend fatigue and compression-compression
fatigue. It is difficult to understand since the tension stress can accelerate the fatigue
failure, which needs further investigation as the following steps:
1. The small notch is designed for the tension-tension fatigue tests. The stress
concentration factor is estimated to be 1.55. Whether the estimated stress
concentrator is reasonable.
2. The small notch sample has a geometry restriction on the shear bands
propagation. The restriction of the shear bands could improve the strength the
ductility significantly. Whether the improved strength and ductility could
affect the fatigue life obtained from the experiments.
3. The shear bands generally form from the maximum shear stress location. The
maximum shear stress does not locate the notch root but in the middle of the
notch root and maximum sample cross section area. Whether the deviation of
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the shear bands initiation could result in the fracture surface deviation from
the notch root.
4. The stress field will change after the shear bands. The softening phenomenon
could happen at the shear bands. Whether the stress field changes will affect
the fatigue life and fatigue-endurance limit.

9.4

Summary

1.

From the statistics, the fatigue life under compression-compression fatigue is
much longer than that under four-point-bend fatigue. The tension stress can
accelerate the fatigue failure and compression stress can slow down the failure.

2.

The fatigue life at a specific fatigue stress ratio under compression-compression
and four-point-bend fatigue could be predicted from the linear-regression results.

3.

The fatigue-failure probability at a specific stress ratio under compressioncompression and four-point fatigue could be predicted from the Logistic
Regression.

4.

The future work is provided based on the relative longer fatigue life under
tension-tension fatigue.

112

REFERENCE

113

Chapter 1:
1.

http://en.wikipedia.org/wiki/Glass

2.

http://en.wikipedia.org/wiki/Amorphous_metal

3.

Klement W, Willens RH, Duwez P, ‘Non-Crystalline Structure in Solidified
Gold-Silicon Alloys’, Nature, Volume: 187 Issues: 4740 Pages: 869-870

Published: 1960
4.

Pavuna D, ‘Production of Metallic-Glass Ribbons by the Chill-Block MeltSpinning Technique in Stabilized Laboratory Conditions’, Journal of Materials

Science, Volume: 16 Issues: 9 Pages: 2419-2433 Published: 1981
5.

Woychik C, Dutkiewicz J, Massalski TB, ‘Metallic-Glass Formation in Alloy
Systems Cu-Ti, Cu-Zr, and Cu-Zr-Ti Using Melt Spinning and Pulsed Laser
Glazing’, Journal of Metals, Volume: 35 Issues: 12 Pages: A66-A66 Published:

1982
6.

http://en.wikipedia.org/wiki/Silicon_steel

7.

Pampillo CA, Chen HS, ‘Comprehensive Plastic-Deformation of a Bulk Metallic
Glass’, Materials Science and Engineering, Volume: 13 Issue: 2 Pages: 181-188

Published: 1974
8.

Drehman AJ, Greer AL, Turnbull D, ‘Bulk Formation of a Metallic-Glass-Pd40Ni-40-P-20’, Applied Physics Letters, Volume: 41 Issues: 8 Pages: 716-717

Published: 1982

114

9.

Johnson WL, ‘Thermodynamic and Kinetic Aspects of the Crystal to Glass
Transformation in Metallic Materials’, Progress in Materials Science, Volume:

30 Issues: 2 Pages: 81-134 Published: 1986
10.

Inoue A, ‘Stabilization of Metallic Supercooled Liquid and Bulk Amorphous
Alloys’, Acta Materialia, Volume: 48 Issue: 1 Pages: 279-306 Published: 2000

11.

Inoue A, ‘High-Strength Bulk Amorphous-Alloys with Low Critical Cooling
Rates’, Materials Transactions JIM, Volume: 36 Issue: 7 Pages: 866-875

Published: 1995
12.

Inoue A, Zhang T, Nishiyama N, et al., ‘Preparation of 16 mm Diameter Rod of
Amorphous Zr65Al7.5Ni10Cu17.5 Alloy’, Materials Transactions JIM, Volume: 34

Issue: 12 Pages: 1234-1237 Published: 1993
13.

Peker

A,

Johnson

WL,

‘A

Highly

Processable

Metallic-Glass

Zr41.2Ti13.8Cu12.5Ni10.0Be22.5’, Applied Physics Letters, Volume: 63 Issues: 17

Pages: 2342-2344 Published: 1993
14.

http://www.doitpoms.ac.uk/tlplib/phase-diagrams/freeenergy.php

15.

Kauzmann W, ‘The Nature of The Glassy State and The Behavior of Liquids at
Low Temperatures’, Chemical Reviews, Volume: 43 Issues: 2 Pages: 219-

256 Published: 1948
16.

Wall JJ, Weber R, Kim J, Liaw PK, Choo H, ‘Aerodynamic Levitation Processing
of a Zr-Based Bulk Metallic Glass’, Materials Science and Engineering A,

Volume: 445 Issue: 2 Pages: 219-222 Published: 2007

115

17.

Bakke E, Busch R, Johnson WL, ‘The Viscosity of the Zr46.75Ti8.25Cu7.5Ni10Be27.5
Bulk Metallic-Glass Forming Alloy in the Supercooled Liquid’, Applied Physics

Letters, Volume: 67 Issues: 22 Pages: 3260-3262 Published: 1995
18.

Busch R, Kim YJ, Johnson WL, ‘Thermodynamic and Kinetics of the
Undercooled Liquid and the Glass-Transition of the Zr41.2Ti13.8Cu12.5Ni10.0Be22.5
Alloy’, Journal of Applied Physics, Volume: 77 Issue: 8 Pages: 4039-4043

Published: 1995
19.

Schroers J, Masuhr A, Johnson WL, et al., ‘Pronounced Asymmetry in the
Crystallization Behavior during Constant Heating and Cooling of a Bulk Metallic
Glass-Forming Liquid’, Physical Review B, Volume: 60 Issue: 17 Pages: 11855-

11858 Published: 1999
20.

Vogel H, ‘The Temperature Dependence Law of the Viscosity of Fluids’,
Physikalische Zeitschrift, Volume: 22 Pages: 645-646 Published: 1921

21.

Angell CA, ‘Formation of Glasses from Liquids and Biopolymers’, Science,
Volume: 267 Issues: 5206 Pages: 1924-1935 Published: 1995

22.

Fulcher GS, ‘Analysis of Recent Measurements of the Viscosity of Glasses’,
Journal of the American Ceramic Society, Volume: 8 Issue: 6 Pages: 339-355
Published: 1925

23.

Cohen MH, Grest GS, ‘A New Free-Volume Theory of the Glass-Transition’,
Annals of the New York Academy of Sciences, Volume: 371 Issue: OCT Pages:
199-209 Published: 1981

116

24.

Bohmer R, Ngai KL, Angell CA, et al., ‘Non-exponential Relaxations in Strong
and Fragile Glass Formers’, Journal of Chemical Physics, Volume: 99 Issue: 5

Pages: 4201-4209 Published: 1993
25.

Perera DN, ‘Compilation of the Fragility Parameters for Several Glass-Forming
Metallic Alloys’, Journal of Physics-Condensed Matter, Volume: 11 Issue: 19

Pages: 3807-3812 Published: 1999
26.

Si PC, Bian XF, Zhang JY, et al., ‘The Fragility of Al-Ni-Based Glass-Forming
Melts’, Journal of Physics-Condensed Matter, Volume: 15 Issue: 32 Pages: 5409-

5415 Published: 2003
27.

Herlach DM, ‘Non-Equilibrium Solidification of Undercolled Metallic Melts’,
Materials Science & Engineering R-Reports, Volume: 12 Issues: 4-5 Pages: 177272 Published: 1994

28.

Laughlin WT, Uhlmann DR, ‘Viscous Flow in Simple Organic Liquids’, Journal
of Physical Chemistry, Volume: 76 Issue: 16 Pages: 2317 Published: 1972

29.

Weinberg MC, Uhlmann DR, Zanotto ED, ‘Nose Method of Calculating Critical
Cooling Rates for Glass-Formation’, Journal of the American Ceramic Society,

Volume: 72 Issue: 11 Pages: 2054-2058 Published: 1989
30.

Qiao

DC,

Fan

C,

Liaw

PK,

Choo

H,

‘Crystallization

Kinetic

of

(Zr58Ni13.6Cu18Al10.4)99Nb1 Bulk Metallic Glass’, Advanced Engineering Materials,

Volume: 8 Issue: 8 Pages: 714-719 Published: 2006
31.

Turnbull D, ‘Under What Conditions Can a Glass be Formed’, Contemporary
Physics, Volume: 10 Issue: 5 Pages: 473 Published: 1969
117

32.

Lu ZP, Liu CT, ‘A New Glass-Forming Ability Criterion for Bulk Metallic
Glasses’, Acta Materialia, Volume: 50 Issue: 13 Pages: 3501-3512 Published:

2002
33.

Fan GJ, Choo H, Liaw PK, ‘A New Criterion for the Glass-Forming Ability of
Liquids’, Journal of Non-crystalline Solids, Volume: 353 Issue: 1 Pages: 102-107

Published: 2007
34.

Spaepen F, ‘Microscopic Mechanism for Steady-State Inhomogeneous Flow in
Metallic Glasses’, Acta Metallurgica, Volume: 25 Issues: 4 Pages: 407-415

Published: 1977
35.

Argon AS, ‘Plastic-Deformation in Metallic Glasses’, Acta Metallurgica,
Volume: 27 Issues: 1 Page: 47-58 Published: 1979

36.

Kittel C, ‘Introduction to solid state physics’, 7th edition, 1996

37.

Schuh CA, Hufnagel TC, Ramamurty U, ‘Overview No.144 - Mechanical
Behavior of Amorphous Alloys’, Acta Materialia, Volume: 55 Issue: 12 Pages:

4067-4109 Published: 2007
38.

Lu J, Ravichandran G, Johnson WL, ‘Deformation Behavior of the
Zr41.2Ti13.8Cu12.5Ni10Be22.5 Bulk Metallic Glass over a Wide Range of Strain-Rates
and Temperatures’, Acta Materialia, Volume: 51 Issue: 12 Pages: 3429-3443

Published: 2003
39.

Pampillo CA, Chen HS, ‘Comprehensive Plastic-Deformation of a Bulk Metallic
Glass’, Materials Science and Engineering, Volume: 13 Issues: 2 Pages: 181-188

Published: 1974
118

40.

Schuh CA, Nieh TG, ‘A Nanoindentation Study of Serrated Flow in Bulk Metallic
Glasses’, Acta Materialia, Volume: 51 Issue: 1 Pages: 87-99 Published: 2003

41.

Conner RD, Johnson WL, Paton NE, et al., ‘Shear Bands and Cracking of
Metallic Glass Plates in Bending’, Journal of Applied Physics, Volume: 94 Issue:

2 Pages: 904-911 Published: 2003
42.

Jiang WH, Liu F, Qiao DC, et al., ‘Plastic Flow in Dynamic Compression of a ZrBased Bulk Metallic Glass’, Journal of Materials Research, Volume: 21 Issue: 6

Pages: 1570-1575 Published: 2006
43.

Jiang WH, Jiang F, Green BA, et al., ‘Electrochemical Corrosion Behavior of a
Zr-Based Bulk-Metallic Glass’, Applied Physics Letters, Volume: 91 Issue: 4

Article Number: 041904 Published: 2007
44.

Jiang WH, Liu FX, Jiang F, et al., ‘Strain-Rate Dependence of Hardening and
Softening in Compression of a Bulk-Metallic Glass’, Journal of Materials

Research, Volume: 22 Issue: 10 Pages: 2655-2658 Published: 2007
45.

Lewandowski JJ, Greer AL, ‘Temperature Rise at Shear Bands in Metallic
Glasses’, Nature Materials, Volume: 5 Issue: 1 Pages: 15-18 Published: 2006

47.

Sethi VK, Gibala R, Heuer AH, ‘Transmission Electron-Microscopy of Shear
Bands in Amorphous Metallic Alloys’, Scripta Metallurgica, Volume: 12 Issue: 2

Pages: 207-209 Published: 1978
48.

Donnvan PE, Stobbs WM, ‘The Structure of Shear Bands in Metallic Glasses’,
Acta Metallurgica, Volume: 29 Issues: 8 Pages: 1419-1436 Published: 1981

119

49.

Li J, Spaepen F, Hufnagel TC, ‘Nanometre-Scale Defects in Shear Bands in a
Metallic Glass’, Philosophical Magazine A-Physics of Condensed Matter

Structure Defects and Mechanical Properties, Volume: 82 Issue: 13 Pages: 26232630 Published: 2002
50.

Jiang WH, Atzmon M, ‘The Effect of Compression and Tension on Shear-Band
Structure and Nanocrystallization in Amorphous Al90Fe5Gd5: A High-Resolution
Transmission Electron Microscopy Study’, Acta Materialia, Volume: 51 Issue: 14

Pages: 4095-4105 Published: 2003
51.

Wright TW, ‘The Physics and Mathematics of Adiabatic Shear Bands’,
Cambridge: Cambridge University Press, 1992

52.

Deng DG, Lu BH, ‘Density Change of Glassy Pd77Si16.5Cu6.5 Alloy During Colid
Drawing’, Scripta Metallurgica, Volume: 17 Issue: 4 Pages: 515-518 Published:

1983
53.

Nasu T, Nagaoka K, Itoh F, et al., ‘Positron-Annihilation in Plastically Deformed
Ni-P Amorphous Alloy’, Journal of the Physical Society of Japan, Volume: 58

Issues: 3 Pages: 894-897 Published: 1989
54.

Chen HS, Coleman E, ‘Structure Relaxation Spectrum of Metallic Glasses’,
Applied Physics Letters, Volume: 28 Issues: 5 Pages: 245-247 Published: 1976

55.

Puska MJ, Nieminen RM, ‘Theory of Positrons in Solids and Solid-Surfaces’,
Review of Modern Physics, Volume: 66 Issues: 3 Pages: 841-897 Published:
1994

120

56.

Jiang WH, Pinkerton FE, Atzmon M, ‘Deformation-Induced Nanocrystallization
in an Al-Based Amorphous Alloy at a Subambient Temperature’, Scripta

Materialia, Volume: 48 Issue: 8 Pages: 1195-1200 Published: 2003
57.

Johnson WL, Lu J, Demetriou MD, ‘Deformation and Flow in Bulk Metallic
Glasses and Deeply Undercooled Glass Forming Liquids - A Self Consistent
Dynamic Free-Volume Model’, Intermetallics, Volume: 10 Issue: 11-12 Pages:

1039-1046 Published: 2002
58.

Schuh CA, Lund AC, Nieh TG, ‘New Regime of Homogeneous Flow in the
Deformation Map of Metallic Glasses: Elevated Temperature Nanoindentation
Experiments and Mechanistic Modeling’, Acta Materialia, Volume: 52 Issue: 20

Pages: 5879-5891 Published: 2004
59.

Jiang WH, Fan GJ, Choo H, et al., ‘Ductility of a Zr-Based Bulk-Metallic Glass
with Different Specimen's Geometries’, Materials Letters, Volume: 60 Issue: 29-

30 Pages: 3537-3540 Published: 2006
60.

Jiang WH, Fan GJ, Liu F, et al., ‘Spatiotemporally Inhomogeneous Plastic Flow
of a Bulk-Metallic Glass’, International Journal of Plasticity, Volume: 24 Issue: 1

Pages: 1-16 Published: 2008
61.

Gao YF, Yang B, Nieh TG, ‘Thermomechanical Instability Analysis of
Inhomogeneous Deformation in Amorphous Alloys’, Acta Materialia, Volume: 55

Issue: 7 Pages: 2319-2327 Published: 2007
62.

Gao YF, ‘An Implicit Finite Element Method for Simulating Inhomogeneous
Deformation and Shear Bands of Amorphous Alloys Based on the Free-Volume

121

Model’, Modeling and Simulation in Materials Science and Engineering, Volume:

14 Issue: 8 Pages: 1329-1345 Published: 2006
63.

Kuhn U, Eckert J, Mattern N, et al., ‘ZrNbCuNiAl Bulk Metallic Glass Matrix
Composites Containing Dendritic BCC Phase Precipitates’, Applied Physics

Letters, Volume: 80 Issue: 14 Pages: 2478-2480 Published: 2002
64.

Inoue A, ‘Stabilization of Metallic Supercooled Liquid and Bulk Amorphous
Alloys’, Acta Materialia, Volume: 48 Issue: 1 Pages: 279-306 Published: 2000

65.

Johnson WL, ‘Bulk Glass-Forming Metallic Alloys: Science and technology’,
MRS Bulletin, Volume: 24 Issue: 10 Pages: 42-56 Published: 1999

66.

Leamy HJ, Chen HS, Wang TT, ‘Plastic-Flow and Fracture of Metallic Glass’,
Metallurgical Transactions, Volume: 3 Issues: 3 Pages: 699 Published: 1972

67.

Miller M, Liaw PK, ‘Bulk-Metallic Glasses’, Springer, 2007

68.

Hays CC, Kim CP, Johnson WL, ‘Microstructure Controlled Shear Band Pattern
Formation and Enhanced Plasticity of Bulk Metallic Glasses Containing in Situ
Formed Ductile Phase Dendrite Dispersions’, Physical Review Letters, Volume:

84 Issue: 13 Pages: 2901-2904 Published: 2000
69.

Schroers J, Johnson WL, ‘Ductile Bulk Metallic Glass’, Physical Review Letters,
Volume: 93 Issue: 25 Article Number: 255506 Published: 2004

70.

Wright WJ, Schwarz RB, Nix WD, ‘Localized Heating During Serrated Plastic
Flow in Bulk Metallic Glasses’, Materials Science and Engineering A-Structural

Materials Properties Microstructure and Processing, Volume: 319 Special Issues:
Sp. Iss. SI Pages: 229-232 Published: 2001
122

71.

Zhang ZF, Eckert J, Schultz L, ‘Difference in Compressive and Tensile Fracture
Mechanisms of Zr59Cu20Al10Ni8Ti3 Bulk Metallic Glass’, Acta Materialia, Volume:

51 Issue: 4 Pages: 1167-1179 Published: 2003
72.

Zhang ZF, He G, Eckert J, et al., ‘Fracture Mechanisms in Bulk Metallic Glassy
Materials’, Physical Review Letters, Volume: 91 Issue: 4 Article Number:

045505 Published: 2003
73.

Zhang ZF, Zhang H, Pan XF, et al., ‘Effect of Aspect Ratio on the Compressive
Deformation and Fracture Behaviour of Zr-Based Bulk Metallic Glass’,

Philosophical Magazine Letters, Volume: 85 Issue: 10 Pages: 513-521 Published:
2005
74.

Wang GY, Liaw PK, Peter WH, et al., ‘Fatigue Behavior of Bulk-Metallic
Glasses’, Intermetallics, Volume: 12 Issue: 7-9 Special Issue: Sp. Iss. SI Pages:

885-892 Published: 2004
75.

Wang GY, Liaw PK, Peter WH, et al., ‘Fatigue Behavior and Fracture
Morphology of Zr50Al10Cu40 and Zr50Al10Cu30Ni10 Bulk-metallic Glasses’,

Intermetallics, Volume: 12 Issue: 10-11 Pages: 1219-1227 Published: 2004
76.

Wang GY, Liaw PK, Peker A, et al., ‘Fatigue Behavior of Zr-Ti-Ni-Cu-Be BulkMetallic Glasses’, Intermetallics, Volume: 13 Issue: 3-4 Special Issue: Sp. Iss.

SI Pages: 429-435 Published: 2005
77.

Qiao DC, Fan GJ, Liaw PK, et al., ‘Fatigue Behaviors of the Cu47.5Zr47.5Al5 BulkMetallic Glass (BMG) and Cu47.5Zr38Hf9.5Al5 BMG Composite’, International

Journal of Fatigue, Volume: 29 Issue: 12 Pages: 2149-2154 Published: 2007
123

78.

Qiao DC, Liaw PK, Fan C, et al., ‘Fatigue and Fracture Behavior of
(Zr58Ni13.6Cu18Al10.4)99Nb1 Bulk-Amorphous Alloy’, Intermetallics, Volume: 14

Issue: 8-9 Special Issue: Sp. Iss. SI Pages: 1043-1050 Published: 2006
79.

Peter WH, Liaw PK, Buchanan RA, et al., ‘Fatigue Behavior of
Zr52.5Al10Ti5Cu17.9Ni14.6 Bulk Metallic Glass’, Intermetallics, Volume: 10 Issue:

11-12 Pages: 1125-1129 Published: 2002

124

Chapter 2:
1.

Huang L, Qiao DC, Green BA, et. al, ‘Bio-Corrosion Study of Zirconium-Based
Bulk-Metallic Glasses’, Intermetallics, 2008 Accepted

2.

Wall JJ, Fan C, Liaw PK, et al., ‘A Combined Drop/Suction-Casting Machine for
the Manufacture of Bulk-Metallic-Glass Materials’, Review of Scientific

Instruments, Volume: 77 Issue: 3 Article Number: 033902 Published: 2006
3.

Wang GY, Liaw PK, Peter WH, et al., ‘Fatigue Behavior and Fracture
Morphology of Zr50Al10Cu40 and Zr50Al10Cu30Ni10 Bulk-metallic Glasses’,

Intermetallics, Volume: 12 Issue: 10-11 Pages: 1219-1227 Published: 2004
4.

Fan C, Choo H, Liaw PK, ‘Influences of Ta, Nb or Mo Additions in Zr-Based
Bulk Metallic Glasses on Microstructure and Thermal Properties’, Scripta

Materialia, Volume: 53 Issue: 12 Pages: 1407-1410 Published: 2005

125

Chapter 3:
1.

Dieter GE, ‘Mechaincal Metallurgy’, McGraw-Hill, New York, 1986

2.

Van Swygenhoven H, ‘Polycrystalline Materials-Grain Boundaries and
Dislocations’, Science, Volume: 296 Issue: 5565 Pages: 66-67 Published: 2002

3.

Weertman JR, Farkas D, Hemker K, et al., ‘Structure and Mechanical Behavior of
Bulk Nanocrystalline Materials’, MRS Bulletin, Volume: 24 Issue: 2 Pages: 44-

50 Published: 1999
4.

Kumar KS, Van Swygenhoven H, Suresh S, ‘Mechanical Behavior of
Nanocrystalline Metals and Alloys’, Acta Materialia, Volume: 51 Issue: 19 Pages:

5743-5774 Published: 2003
5.

http://en.wikipedia.org/wiki/Amorphous

6.

Miller M and Liaw PK, ‘Bulk-Metallic Glasses’, Springer, 2007

7.

Johnson WL, ‘Thermodynamic and Kinetic Aspects of the Crystal to Glass
Transformation in Metallic Materials’, Progress in Materials Science, Volume:

30 Issues: 2 Pages: 81-134 Published: 1986
8.

Johnson WL, ‘Bulk Glass-Forming Metallic Alloys: Science and technology’,
MRS Buttetin, Volume: 24 Issue: 10 Pages: 42-56 Published: 1999

9.

Inoue A, ‘Stabilization of Metallic Supercooled Liquid and Bulk Amorphous
Alloys’, Acta Materialia, Volume: 48 Issue: 1 Pages: 279-306 Published: 2000

10.

Schroers J, Johnson WL, ‘Ductile Bulk Metallic Glass’, Physical Review Letters,
Volume: 93 Issue: 25 Article Number: 255506 Published: 2004

126

11.

Spaepen F, ‘Microscopic Mechanism for Steady-State Inhomogeneous Flow in
Metallic Glasses’, Acta Metallurgica, Volume: 25 Issues: 4 Pages: 407-415

Published: 1977
12.

Angell CA, ‘Formation of Glasses from Liquids and Biopolymers’, Science,
Volume: 267 Issues: 5206 Pages: 1924-1935 Published: 1995

13.

Vogel H, ‘The Temperature Dependence Law of the Viscosity of Fluids’,
Physikalische Zeitschrift, Volume: 22 Pages: 645-646 Published: 1921

14.

Fulcher GS, ‘Analysis of Recent Measurements of the Viscosity of Glasses’,
Journal of the American Ceramic Society, Volume: 8 Issue: 6 Pages: 339-355
Published: 1925

15.

Masuhr A, Waniuk TA, Busch R, et al., ‘Time Scales for Viscous Flow, Atomic
Transport, and Crystallization in The Liquid And Supercooled Liquid States of
Zr41.2Ti13.8Cu12.5Ni10.0Be22.5’, Physical Review Letters, Volume: 82 Issue: 11

Pages: 2290-2293 Published:1999
16.

Xie SJ, ‘Plastic Deformation and Annealing of Zr- And Cu-Based Bulk Metallic
Glasses’, PhD Thesis, The University of Tennessee, Knoxville, 2007.

17.

Jiang WH, Liu FX, Jiang F, et al., ‘Strain-Rate Dependence of Hardening and
Softening in Compression of a Bulk-Metallic Glass’, Journal of Materials

Research, Volume: 22 Issue: 10 Pages: 2655-2658 Published: 2007

127

Chapter 4:
1. Jiang WH, Zhang HF, Liu FX, et al., ‘Inhomogeneous Deformation in Compression Comparison of two Bulk-Metallic Glasses’, Advanced Engineering Materials,

Volume: 9 Issue: 11 Pages: 959-962 Published: 2007
2. Yang B, Riester L, Nieh TG, ‘Strain Hardening and Recovery in a Bulk Metallic
Glass under Nanoindentation’, Scripta Materialia, Volume: 54 Issue: 7 Pages: 1277-

1280 Published: 2006
3. Das J, Tang MB, Kim KB, et al., ‘"Work-Hardenable" Ductile Bulk Metallic Glass’,
Physical Review Letters, Volume: 94 Issue: 20 Article Number: 205501 Published:
2005
4. Kim KB, Das J, Baier F, et al., ‘Heterogeneity of a Cu47.5Zr47.5Al5 Bulk Metallic
Glass’, Applied Physics Letters, Volume: 88 Issue: 5 Article Number: 051911

Published: 2006
5. Chen H, He Y, Shiflet GJ, et al., ‘Deformation-Induced Nanocrystal Formation in
Shear Bands of Amorphous-Alloys’, Nature, Volume: 367 Issue: 6463 Pages: 541-

543 Published: 1994
6. Kim JJ, Choi Y, Suresh S, et al., ‘Nanocrystallization during Nanoindentation of a
Bulk Amorphous Metal Alloy at Room Temperature’, Science, Volume: 295 Issue:

5555 Pages: 654-657 Published: 2002

128

7. Jiang WH, Atzmon M, ‘Mechanically-Assisted Nanocrystallization and Defects in
Amorphous Alloys: A High-Resolution Transmission Electron Microscopy Study’,

Scripta Materialia, Volume: 54 Issue: 3 Pages: 333-336 Published: 2006
8. Jiang WH, Pinkerton FE, Atzmon M, ‘Mechanical Behavior of Shear Bands and the
Effect of Their Relaxation in a Rolled Amorphous Al-Based Alloy’, Acta Materialia,

Volume: 53 Issue: 12 Pages: 3469-3477 Published: 2005
9. Jiang WH, Pinkerton FE, Atzmon M, ‘Deformation-Induced Nanocrystallization: A
Comparison of two Amorphous Al-Based Alloys’, Journal of Materials Research,

Volume: 20 Issue: 3 Pages: 696-702 Published: 2005
10. Jiang WH, Pinkerton FE, Atzmon M, ‘Effect of Strain Rate on the Formation of
Nanocrystallites in an Al-Based Amorphous Alloy during Nanoindentation’, Journal

of Applied Physics, Volume: 93 Issue: 11 Pages: 9287-9290 Published: 2003
11. Kumar G, Ohkubo T, Mukai T, et al., ‘Plasticity and Microstructure of Zr-Cu-Al
Bulk Metallic Glasses’, Scripta Materialia, Volume: 57 Issue: 2 Pages: 173-176

Published: 2007

129

Chapter 5:
1.

Kissinger HE, ‘Reaction Kinetics in Differential Thermal Analysis’, Analytical
Chemistry, Volume: 29 Issue: 11 Pages: 1702-1706 Published: 1957

2.

Qin FX, Zhang HF, Ding BZ, et al., ‘Nanocrystallization Kinetics of Ni-Based
Bulk Amorphous Alloy’, Intermetallics, Volume: 12 Issue: 10-11 Pages: 1197-

1203 Published: 2004
3.

Zhang LC, Xu J, Eckert J, ‘Thermal Stability and Crystallization Kinetics of
Mechanically Alloyed TiC/Ti-Based Metallic Glass Matrix Composite’, Journal of

Applied Physics, Volume: 100 Issue: 3 Article Number: 033514 Published: 2006
4.

Wang HR, Gao YL, Min GH, et al., ‘Primary Crystallization in Rapidly Solidified
Zr70Cu20Ni10 alloy from a Supercooled Liquid Region’, Physics Letters A, Volume:

314 Issue: 1-2 Pages: 81-87 Published: 2003
5.

Li YZ, ‘Thermal Analysis’, Tsinghua University Press, Beijing, 1987.

6.

Johnson WA, Mehl RF, ‘Reaction Kinetics in Processes of Nucleation and
Growth’, Transactions of the American Institute of Mining and Metallurgical

Engineers, Volume: 135 Pages: 416-442 Published: 1939
7.

Gibson MA, Delamore GW, ‘Crystallization Kinetics of Some Iron-Based
Metallic Glasses’, Journal of Materials Science, Volume: 22 Issue: 12 Pages:

4550-4557 Published: 1987

130

8.

Kelton KF, Spaepen F, ‘A Study of the Devitrification of Pd82Si18 over a Wide
Temperature-Range’, Acta Metallurgica, Volume: 33 Issue: 3 Pages: 455-464

Published: 1985
9.

Drehman AJ, Greer AL, ‘Kinetics of Crystal Nucleation and Growth in
Pd40Ni40P20 Glass’, Acta Metallurgica, Volume: 32 Issue: 3 Pages: 323-332

Published: 1984
10.

Gibson MA, Delamore GW, ‘Crystallization Kinetics of Some Iron-Based
Metallic Glasses’, Journal of Materials Science, Volume: 22 Issue: 12 Pages:

4550-4557 Published: 1987
11.

Calka A, Radlinski AP, ‘The Local Value of the Avrami Exponent-A New
Approach to Devitrification of Glassy Metallic Ribbons’, Materials Science and

Engineering, Volume: 97 Pages: 241-246 Published: 1988
12.

Ranganathan S, Vonheimendahl M, ‘The 3 Activation-Energies with Isothermal
Transformations-Applications to Metallic Glasses’, Journal of Materials Science,

Volume: 16 Issue: 9 Pages: 2401-2404 Published: 1981
13.

Luborski FE (Ed.), ‘Amorphous Metallic Alloys’, Butterworths, London 1983.

14.

Jiang XD, Zhang HW, Wen QY, et al., ‘Crystallization Kinetics of CoNbZr
Amorphous Alloys Thin Films’, Materials Chemistry and Physics, Volume: 88

Issue: 1 Pages: 197-201 Published: 2004
15.

Christial JW (Ed.), ‘The Theory of Transformation in Metals and Alloys’,
Pergamon London, 1981.
131

16.

Chen Q, Liu L, Chan KC, ‘Crystallization Kinetics of the Zr55.9Cu18.6Ta8Al7.5Ni10
Bulk Metallic Glass Matrix Composite under Isothermal Conditions’, Journal of

Alloys and Compounds, Volume: 419 Issue: 1-2 Pages: 71-75 Published: 2006

132

Chapter 6:
1

Johnson WL, ‘Bulk Glass-Forming Metallic Alloys: Science and technology’,
MRS Bulletin, Volume: 24 Issue: 10 Pages: 42-56 Published: 1999

2

Inoue A, ‘Stabilization of Metallic Supercooled Liquid and Bulk Amorphous
Alloys’, Acta Materialia, Volume: 48 Issue: 1 Pages: 279-306 Published: 2000

3

Leamy HJ, Chen HS, Wang TT, ‘Plastic-Flow and Fracture of Metallic Glass’,
Metallurgical Transactions, Volume: 3 Issue: 3 Pages: 699 Published: 1972

4

Spapen F, ‘Microscopic Mechanism for Steady-State Inhomogeneous flow in
Metallic Glasses’, Acta Metallurgica, Volume: 25 Issue: 4 Pages: 407-415

Published: 1977
5

Donovan PE, Stobbs WM, ‘The Structure of Shear Bands in Metallic Glasses’,
Acta Metallurgica, Volume: 29 Issue: 8 Pages: 1419-1436 Published: 1981

6

Fan C, Inoue A, ‘Ductility of Bulk Nanocrystalline Composites and Metallic
Glasses at Room Temperature’, Applied Physics Letters, Volume: 77 Issue: 1

Pages: 46-48 Published: 2000
7

Fan C, Li CF, Inoue A, ‘Nanocrystal Composites in Zr-Nb-Cu-Al Metallic
Glasses’, Journal of Non-Crystalline Solids, Volume: 270 Issue: 1-3 Pages: 28-33

Published: 2000
8

Fan C, Li CF, Inoue A, ‘Nano-Scale Icosahedral Quasicrystals Crystallized from
Zr-Nb-Ni-Cu-Al Metallic Glasses’, Materials Transactions, Volume: 42 Issue: 8

Pages: 1489-1492 Published: 2001
133

9

Fan C, Inoue A, ‘Formation of Nanoscale Icosahedral Quasicrystals and GlassForming Ability in Zr-Nb-Ni-Cu-Al Metallic Glasses’, Scripta Materialia, Volume:

45 Issue: 1 Pages: 115-120 Published: 2001
10

Fan C, Li CF, Inoue A, et al., ‘Effects of Nb Addition on Icosahedral
Quasicrystalline Phase Formation and Glass-Forming Ability of Zr-Ni-Cu-Al
Metallic Glasses’, Applied Physics Letters, Volume: 79 Issue: 7 Pages: 1024-

1026 Published: 2001
11

Yang B, Morrison ML, Liaw PK, et al., ‘Dynamic Evolution of Nanoscale Shear
Bands in a Bulk-Metallic Glass’, Applied Physics Letters, Volume: 86 Issue: 14

Article Number: 141904 Published: 2005
12

Yang B, Liaw PK, Wang G, et al., ‘In-situ Thermographic Observation of
Mechanical Damage in Bulk-Metallic Glasses during Fatigue and Tensile
Experiments’, Intermetallics, Volume: 12 Issue: 10-11 Pages: 1265-1274

Published: 2004
13

Wang GY, Liaw PK, Peker A, et al., ‘Fatigue Behavior of Zr-Ti-Ni-Cu-Be BulkMetallic Glasses’, Intermetallics, Volume: 13 Issue: 3-4 Special Issue: Sp. Iss.

SI Pages: 429-435 Published: 2005
14

Peter WH, Liaw PK, Buchanan

RA, et

al.,

‘Fatigue

Behavior of

Zr52.5Al10Ti5Cu17.9Ni14.6 Bulk Metallic Glass’, Intermetallics, Volume: 10 Issue:

11-12 Pages: 1125-1129 Published: 2002

134

15

Peter WH, Buchanan RA, Liu CT, et al., ‘The Fatigue Behavior of a ZirconiumBased Bulk Metallic Glass in Vacuum and Air’, Journal of Non-Crystalline Solids,

Volume: 317 Issue: 1-2 Pages: 187-192 Published: 2003
16

Gilbert CJ, Lippmann JM, Ritchie RO, ‘Fatigue of a Zr-Ti-Cu-Ni-Be Bulk
Amorphous Metal: Stress/Life and Crack-Growth Behavior’, Scripta Materialia,

Volume: 38 Issue: 4 Pages: 537-542 Published: 1998
17

Flores KM, Johnson WL, ‘Dauskardt RH, Fracture and Fatigue Behavior of a
Zr-Ti-Nb Ductile Phase Reinforced Bulk Metallic Glass Matrix Composite’,

Scripta Materialia, Volume: 49 Issue: 12 Pages: 1181-1187 Published: 2003
18

Flores KM, Dauskardt RH, ‘Fracture and Deformation of Bulk Metallic Glasses
and Their Composites’, Intermetallics, Volume: 12 Issue: 7-9 Special Issue: Sp.

Iss. SI Pages: 1025-1029 Published: 2004
19

Wang GY, Liaw PK, Peter WH, et al., ‘Fatigue Behavior of Bulk-Metallic
Glasses’, Intermetallics, Volume: 12 Issue: 7-9 Special Issue: Sp. Iss. SI Pages:

885-892 Published: 2004
20

Zhang H, Wang ZG, Qiu KQ, et al., ‘Cyclic Deformation and Fatigue Crack
Propagation of a Zr-Based Bulk Amorphous Metal’, Materials Science and

Engineering A-Structural Materials Properties Microstructure and Processing,
Volume: 356 Issue: 1-2 Pages: 173-180 Published: 2003

135

21

Fujita K, Inoue A, Zhang A, ‘Fractography of Fatigue Crack Propagation in a
Nanocrystalline Zr-Based Bulk Metallic Glass’, Scripta Materialia, Volume: 44

Issue: 8-9 Pages: 1629-1633 Published: 2001
22

Newman JC, Jr. and Raju IS, ‘NASA Technical Memorandum’, 85793

23

Choi-Yim H, Busch R, Koster U, et al., ‘Synthesis and Characterization of
Particulate Reinforced Zr57Nb5Al10Cu15.4Ni12.6 Bulk Metallic Glass Composites’,

Acta Materialia, Volume: 47 Issue: 8 Pages: 2455-2462 Published: 1999
24

Hufnagel TC, Fan C, Ott RT, et al., ‘Controlling Shear Band Behavior in Metallic
Glasses through Microstructural Design’, Intermetallics, Volume: 10 Issue: 11-12

Pages: 1163-1166 Published: 2002
25

Hays CC, Kim CP, Johnson WL, ‘Improved Mechanical Behavior of Bulk
Metallic Glasses Containing in Situ Formed Ductile Phase Dendrite Dispersions’,

Materials

Science

and

Engineering

A-Structural

Materials

Properties

Microstructure and Processing, Volume: 304 Special Issue: Sp. Iss. SI Pages:
650-655 Published: 2001
26

Zhang QS, Deng YF, Zhang HF, et al., ‘Cyclic Softening of Zr55Al10Ni5Cu30 Bulk
Amorphous Alloy’, Journal of Materials Science Letters, Volume: 22 Issue: 23

Pages: 1731-1734 Published: 2003
27

Zhang ZF, Eckert J, Schultz L, ‘Fatigue and Fracture Behavior of Bulk Metallic
Glass’, Metallurgical and Materials Transactions A-Physical Metallurgy and

Materials Science, Volume: 35A Issue: 11 Pages: 3489-3498 Published: 2004

136

28

Zhang ZF, Eckert J, Schultz L, ‘Difference in Compressive and Tensile Fracture
Mechanisms of Zr59Cu20Al10Ni8Ti3 Bulk Metallic Glass’, Acta Materialia, Volume:

51 Issue: 4 Pages: 1167-1179 Published: 2003
29

Zhang ZF, Eckert J, Schultz L, ‘Tensile and Fatigue Fracture Mechanisms of a
Zr-Based Bulk Metallic Glass’, Journal of Materials Research, Volume: 18 Issue:

2 Pages: 456-465 Published: 2003
30

Conner RD, Johnson WL, Paton NE, et al., ‘Shear Bands and Cracking of
Metallic Glass Plates in Bending’, Journal of Applied Physics, Volume: 94 Issue:

2 Pages: 904-911 Published: 2003
31

Conner RD, Li Y, Nix WD, et al., ‘Shear Band Spacing under Bending of ZrBased Metallic Glass Plates’, Acta Materialia, Volume: 52 Issue: 8 Pages: 2429-

2434 Published: 2004
32

Inoue A, ‘Bulk Amorphous and Nanocrystalline Alloys with High Functional
Properties’, Materials Science and Engineering A-Structural Materials Properties

Microstructure and Processing, Volume: 304 Special Issues: Sp. Iss. SI Pages: 110 Published: 2001
33

Gilbert CJ, Ritchie RO, Johnson WL, ‘Fracture Toughness and Fatigue-Crack
Propagation In A Zr-Ti-Ni-Cu-Be Bulk Metallic Glass’, Applied Physics Letters,

Volume: 71 Issue: 4 Pages: 476-478 Published: 1997

137

34

Yokoyama Y, Fukaura K, Sunada H, ‘Fatigue Properties and Microstructures of
Zr55Cu30Al10Ni5 Bulk Glassy Alloys’, Materials Transactions JIM, Volume: 41

Issue: 6 Pages: 675-680 Published: 2000
35

Flores KM, Dauskardt RH, ‘Local Heating Associated with Crack Tip Plasticity
in Zr-Ti-Ni-Cu-Be Bulk Amorphous Metals’, Journal of Materials Research,

Volume: 14 Issue: 3 Pages: 638-643 Published: 1999
36

Gilbert CJ, Schroeder V, Ritchie RO, ‘Mechanisms for Fracture and FatigueCrack Propagation in a Bulk Metallic Glass’, Metallurgical and Materials

Transactions A-Physical Metallurgy and Materials Science, Volume: 30 Issue: 7
Pages: 1739-1753 Published: 1999
37

Edwards BJ, Feigl K, Morrison ML, et al., ‘Modeling the Dynamic Propagation
of Shear Bands in Bulk Metallic Glasses’, Scripta Materialia, Volume: 53 Issue: 7

Pages: 881-885 Published: 2005

138

Chapter 7:
1.

Spaepen F, ‘Microscopic Mechanism for Steady-State Inhomogeneous Flow in
Metallic Glasses’, Acta Metallurgica, Volume: 25 Issue: 4 Pages: 407-415

Published: 1977
2.

Schuh CA, Lund AC, Nieh TG, ‘New Regime of Homogeneous Flow in the
Deformation Map of Metallic Glasses: Elevated Temperature Nanoindentation
Eexperiments And Mechanistic Modeling’, Acta Materialia, Volume: 52 Issue: 20

Pages: 5879-5891 Published: 2004
3.

Argon AS, ‘Plastic-Deformation in Metallic Glasses’, Acta Metallurgica,
Volume: 27 Issue: 1 Pages: 47-58 Published: 1979

4.

Gao YF, Yang B, Nieh TG, ‘Thermomechanical Instability Analysis of
Inhomogeneous Deformation in Amorphous Alloys’, Acta Materialia, Volume: 55

Issue: 7 Pages: 2319-2327 Published: 2007
5.

Jiang WH, Liu FX, Jiang F, et al., ‘Strain-Rate Dependence of Hardening and
Softening in Compression of a Bulk-Metallic Glass’, Journal of Materials

Research, Volume: 22 Issue: 10 Pages: 2655-2658 Published: 2007
6.

Jiang WH, Fan GJ, Liu F, et al., ‘Spatiotemporally Inhomogeneous Plastic Flow
of a Bulk-Metallic Glass’, International Journal of Plasticity, Volume: 24 Issue: 1

Pages: 1-16 Published: 2008
7.

Schroers J, Johnson WL, ‘Ductile Bulk Metallic Glass’, Physical Review Letters,
Volume: 93 Issue: 25 Article Number: 255506 Published: 2004
139

8.

Qiao DC, Liaw PK, Fan C, et al., ‘Fatigue and Fracture Behavior of
(Zr58Ni13.6Cu18Al10.4)99Nb1 Bulk-Amorphous Alloy’, Intermetallics, Volume: 14

Issue: 8-9 Special Issue: Sp. Iss. SI Pages: 1043-1050 Published: 2006
9.

Wang GY, Liaw PK, Peter WH, et al., ‘Fatigue Behavior of Bulk-Metallic
Glasses’, Intermetallics, Volume: 12 Issue: 7-9 Special Issue: Sp. Iss. SI Pages:

885-892 Published: 2004
10.

Zhang QS, Deng YF, Zhang HF, et al., ‘Cyclic Softening of Zr55Al10Ni5Cu30 Bulk
Amorphous Alloy’, Journal of Materials Science Letters, Volume: 22 Issue: 23

Pages: 1731-1734 Published: 2003
11.

Angell CA, ‘Formation of Glasses from Liquids and Biopolymers’, Science,
Volume: 267 Issue: 5206 Pages: 1924-1935 Published: 1995

12.

Vogel H, ‘The Temperature Dependence Law of the Viscosity of Fluids’,
Physikalische Zeitschrift, Volume: 22 Pages: 645-646 Published: 1921

13.

Fulcher GS, ‘Analysis of Recent Measurements of the Viscosity of Glasses’,
Journal of the American Ceramic Society, Volume: 8 Issue: 6 Pages: 339-355
Published: 1925

14.

Masuhr A, Waniuk TA, Busch R, et al., ‘Time Scales for Viscous Flow, Atomic
Transport, And Ccrystallization In The Liquid And Supercooled Liquid States Of
Zr41.2Ti13.8Cu12.5Ni10.0Be22.5’, Physical Review Letters, Volume: 82 Issue: 11

Pages: 2290-2293 Published: 1999

140

Chapter 8:
1.

Inoue A, ‘Stabilization of Metallic Supercooled Liquid adnd Bulk Amorphous Alloys’,
Acta Materialia, Volume: 48 Issue: 1 Pages: 279-306 Published: 2000

2.

Johnson WL, ‘Bulk Glass-Forming Metallic Alloys: Science and Technology’, MRS
Bulletin, Volume: 24 Issue: 10 Pages: 42-56 Published: 1999

3.

Launey ME, Busch R, Kruzic JJ, ‘Influence of Structural Relaxation on the Fatigue
Behavior of a Zr41.25Ti13.75Ni10Cu12.5Be22.5 Bulk Amorphous Alloy’, Scripta Materialia,

Volume: 54 Issue: 3 Pages: 483-487 Published: 2006
4.

Peter WH, Buchanan RA, Liu CT, et al., ‘The Fatigue Behavior of a ZirconiumBased Bulk Metallic Glass in Vacuum and Air’, Journal of Non-Crystalline Solids,

Volume: 317 Issue: 1-2 Pages: 187-192 Published: 2003
5.

Peter

WH,

Liaw

PK,

Buchanan

RA,

et

al.,

‘Fatigue

Behavior

of

Zr52.5Al10Ti5Cu17.9Ni14.6 Bulk Metallic Glass’, Intermetallics, Volume: 10 Issue: 11-12

Pages: 1125-1129 Published: 2002
6.

Qiao DC, Liaw PK, Fan C, et al., ‘Fatigue and Fracture Behavior of
(Zr58Ni13.6Cu18Al10.4)99Nb1 Bulk-Amorphous Alloy’, Intermetallics, Volume: 14 Issue:

8-9 Special Issue: Sp. Iss. SI Pages: 1043-1050 Published: 2006
7.

Wang GY, Liaw PK, Peker A, et al., ‘Fatigue Behavior of Zr-Ti-Ni-Cu-Be BulkMetallic Glasses’, Intermetallics, Volume: 13 Issue: 3-4 Special Issue: Sp. Iss. SI

Pages: 429-435 Published: 2005

141

8.

Gilbert CJ, Lippmann JM, Ritchie RO, ‘Fatigue of a Zr-Ti-Cu-Ni-Be Bulk
Amorphous Metal: Stress/Life And Crack-Growth Behavior’, Scripta Materialia,

Volume: 38 Issue: 4 Pages: 537-542 Published: 1998
9.

Flores KM, Johnson WL, Dauskardt RH, ‘Fracture and Fatigue Behavior of a Zr-TiNb Ductile Phase Reinforced Bulk Metallic Glass Matrix Composite’, Scripta

Materialia, Volume: 49 Issue: 12 Pages: 1181-1187 Published: 2003
10. Zhang ZF, Eckert J, Schultz L, ‘Tensile and Fatigue Failure Mechanisms of a Zr-

Based Bulk Metallic Glass’, Journal of Materials Research, Volume: 18 Issue: 2

Pages: 456-465 Published: 2003
11. Hess PA, Menzel BC, Dauskardt RH, ‘Fatigue Damage in Bulk Metallic Glass II:

Experiments’, Scripta Materialia, Volume: 54 Issue: 3 Pages: 355-361 Published:

2006
12. Zhang ZF, Eckert J, Schultz L, ‘Fatigue and Fracture Behavior of Bulk Metallic

Glass’, Metallurgical and Materials Transactions A-Physical Metallurgy and

Materials Science, Volume: 35A Issue: 11 Pages: 3489-3498 Published: 2004
13. Wang GY, Liaw PK, Yokoyama Y, ‘Fatigue Characteristics of a Zr-based Bulk
Metallic Glass’, Review of Advanced Materials, unpublished, 2008
14. Flores KM, Dauskardt RH, ‘Fracture and Deformation of Bulk Metallic Glasses and

Their Composites’, Intermetallics, Volume: 12 Issue: 7-9 Special Issue: Sp. Iss. SI

Pages: 1025-1029 Published: 2004

142

15. Menzel BC, Dauskardt RH, ‘Stress-Life Fatigue Behavior of a Zr-Based Bulk

Metallic Glass’, Acta Materialia, Volume: 54 Issue: 4 Pages: 935-943 Published:

2006
16. Wang GY, Liaw PK, Peker A, et al., ‘Comparison of Fatigue Behavior of a Bulk

Metallic Glass and its Composite’, Intermetallics, Volume: 14 Issue: 8-9 Special

Issue: Sp. Iss. SI Pages: 1091-1097 Published: 2006
17. Wang GY, Liaw PK, Peter WH, et al., ‘Fatigue Behavior and Fracture Morphology

of Zr50Al10Cu40 and Zr50Al10Cu30Ni10 Bulk-Metallic Glasses’, Intermetallics, Volume:

12 Issue: 10-11 Pages: 1219-1227 Published: 2004
18. Wang GY, Liaw PK, Peter WH, et al., ‘Fatigue Behavior of Bulk-Metallic Glasses’,

Intermetallics, Volume: 12 Issue: 7-9 Special Issue: Sp. Iss. SI Pages: 885-892
Published: 2004
19. Wang GY, Liaw PK, Yokoyama Y, unpublished results

20. Spaepen F, ‘Microscopic Mechanism For Steady-State Inhomogeneous Flow In
Metallic Glasses’, Acta Metallurgica, Volume: 25 Issue: 4 Pages: 407-415 Published:

1977

143

Chapter 9:
1. Andrew’s results
2. Qiao DC, Wang GY, Jiang WH, et al., ‘Compression-Compression Fatigue and
Fracture Behaviors of Zr50Al10Cu37Pd3 Bulk-Metallic glass’, Materials Transactions,

Volume: 48 Issue: 7 Pages: 1828-1833 Published: 2007
3. Qiao DC, Wang GY, Liaw PK, unpublished
4. Qiao DC, Wang GY, Huang L, Liaw PK, unpublished
5. Hess PA, Menzel BC, Dauskardt RH, ‘Fatigue Damage in Bulk Metallic Glass II:
Experiments’, Scripta Materialia, Volume: 54, Issue: 3, Pages: 355-361 Published:

2006
6. Gilbert CJ, Lippmann JM, Ritchie RO, ‘Fatigue of a Zr-Ti-Cu-Ni-Be Bulk
Amorphous Metal: Stress/Life and Crack-Growth Behavior’, Scripta Materialia,

Volume: 38, Issue: 4, Pages: 537-542 Published: 1998
7. Flores KM, Johnson WL, Dauskardt RH, ‘Fracture and Fatigue Behavior of a Zr-TiNb Ductile Phase Reinforced Bulk Metallic Glass Matrix Composite’, Scripta

Materialia, Volume: 49 Issue: 12 Pages: 1181-1187 Published: 2003
8. Huang L, Zhang T, unpublished
9. Huang L, Zhang T, unpublished
10. Qiao DC, Fan GJ, Liaw PK, et al., ‘Fatigue Behaviors of the Cu47.5Zr47.5Al5 BulkMetallic Glass (BMG) and Cu47.5Zr38Hf9.5Al5 BMG Composite’, International Journal

of Fatigue, Volume: 29 Issue: 12 Pages: 2149-2154 Published: 2007
11. Wang GY, Liaw PK, unpublished
12. Wang GY, Liaw PK, unpublished
144

13. Freels M, Liaw PK, Wang GY, et al., ‘Stress-Life Fatigue Behavior and FractureSurface Morphology of a Cu-Based Bulk-Metallic Glass’, Journal of Materials

Research, Volume: 22 Issue: 2 Pages: 374-381 Published: 2007
14. Mann T, ‘The Influence of Mean Stress on Fatigue Crack Propagation in Aluminum
Alloys’, International of Journal of Fatigue, Volume: 29 Issue: 8, Pages 1393-1401

Published: 2007

145

LIST OF TABLES

146

Table 5:1 Typical temperatures of (Zr55Al10Ni5Cu30)99Y1 BMGs, including Tg (glasstransition temperature), Tx (crystallization temperature), Tp (crystallization-peak
temperature), and ∆Tx (= Tx - Tg, supercooled liquid region).
Temperature

Tg (K)

Tx (K)

Tp (K)

∆Tx (K)

20 K/min.

667.3

748.9

756.4

81.6

40 K/min.

673.2

761.4

768.1

88.2

60 K/min.

677.3

770.5

775.7

93.2

80 K/min.

679.7

774.7

780.7

95.0

Heating rate

Table 5:2 Typical temperatures of Cu45Zr47.5Ag7.5 BMGs including Tg (glass-transition
temperature), Tx (crystallization temperature), Tp (crystallization-peak temperature), and
∆Tx (= Tx - Tg supercooled liquid region).
Tg (K)

Tx (K)

Tp (K)

∆Tx (K)

20 K/min.

667.7

726.5

7730.7

58.8

40 K/min.

675.1

737.3

740.2

62.2

60 K/min.

680.5

741.5

746.2

61.0

80 K/min.

679.5

743.6

748.3

64.1

Temperature
Heating rate
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Tk

T

Tm

Gl

Temperature, K
Figure 1:1 Gibbs-free energy of solid and liquid. Gl and Gx are the Gibbs-free energies
for the liquid and crystal, respectively, Sl and Sx are the entropies for the liquid and
crystal, respectively, Tm is the melting temperature, and Tk is the Klement
temperature.(14)
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Figure 1:2 Arrhenius plots of the viscosity data scaled by values of T showing
the ”strong-fragile” pattern of the liquid behavior on which the liquid’s classification of
the same name is based. As shown in the insert, the jump in C, at T, is generally large for
the fragile liquids and small for strong liquids, although there are a number of exceptions,
particularly when hydrogen bonding is present.(21)
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Figure 1:3 Time-Temperature-Transformation (TTT) diagram.(31)
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Figure 1:4 DTA curve of the (Zr58Ni13.6Cu18Al10.4)Nb1 bulk-metallic glass.(30)
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Figure 1:5 Spaepen’s free-volume model. Top: Plastic flow; Bottom: Free-volume
evolution.(34)
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Figure 1:6 Shape of the assumed interlayer shear resistance of a metallic glass: solid
curve after Foreman and dotted curve actually using a linear approximation.(35)
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Figure 1:7 A diffuse shear transformation inside a spherical volume element, Ωf, is
favored at high temperatures T > 0.68Tg.(35)
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Figure 1:8 A more intense shear transformation in a disk-shaped volume element, which
is favored at low temperatures.(34)
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Figure 1:9 (a) Potential energy, (b) force, and (c) stiffness changes with the inner atomic
distance.(36)
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Figure 1:10 (a) Steady-state homogeneous flow data for a Zr-Ti-Ni-Cu-Be metallic glass
at elevated temperatures.(38)
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Figure 1:11 Non-steady-state homogeneous flow for Zr-Ti-Ni-Cu-Be metallic glass at
370 oC.(38)
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Figure 1:12 Examples of mechanical-test data that illustrate a serrated flow of metallic
glasses, through a repeated shear-band operation in confined loading. In (a), the
compression response of a Pd77.5Cu6Si16.5 specimen of a low aspect ratio is shown, while
(b) is an instrumented indentation curve for a Pd40Cu30Ni10P20 glass. Because (a)
represents a displacement-controlled experiment, and serrations are represented as load
drops, while the load-controlled experiment in (b) exhibits the displacement bursts.(40)
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Figure 1:13 Scanning-electron micrographs illustrating the slip steps or surface offsets
associated with shear bands in deformed metallic glasses. In (a) a bent strip of
Zr57Nb5Al10Cu15.4Ni12.6 illustrates slip steps formed in both tensile and compressive
modes of loading, on the top and bottom surfaces, respectively.(41) In (b) the side of a
compression specimen of Zr52.5Cu17.9Ni14.6Al10Ti5 is shown, for which the loading axis
was vertical; here the slip steps document shear deformation at an inclined angle to the
applied compressive load.(42)
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Figure 1:14 Enlarged portion of the empirical deformation map for Pd-based metallic
glasses. The heavy line is the boundary between regions of homogeneous and
inhomogeneous flows.(32)
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Figure 1:15 The deformation map of Pd-Ni-P and Mg-Cu-Gd metallic glasses, plotting
the effective strain rate during indentation versus the homogeneous test temperature. The
symbols are shaded according to the degree of flow serration, and the transition from
inhomogeneous to homogeneous flows.(40)
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Figure 1:16 Deformation-mechanism map with respect to the varying environment
temperature, and applied strain rate. The transition from homogeneous to inhomogeneous
deformation modes occurs at high temperatures and low strain rates. The dashed line
shows the condition for the unstable growth of a given wavelength, illustrating the
transition from coarse to fine shear-band arrangements.(61-62)
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Figure 1:17 Shear-band initiation under a simple shear. Dashed lines, having a slope of
−μw/(λ − w), are tangent to the stress-train curve at the two bifurcation points.(61)
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A: Strain rate = 4.5 × 10-5 /s
B: Strain rate = 4.5 × 10-3 /s

A: Strain rate = 3 × 10-2 /s
B: Strain rate = 3 × 10-3 /s
C: Strain rate = 3 × 10-4 /s
D: Strain rate = 3 × 10-5 /s

Figure 1:18 Stress-strain curves of Zr-Cu-Al-Ni-Ti metallic glassy specimens for
different strain rates under (a) compressive loading and (b) tensile loading.(71)
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(a)

(b)

(c)

(d)

Figure 1:19 SEM micrographs revealing the compressive fracture feature of Zr-Cu-AlNi-Ti BMGs (a) Shear fracture of the compressive specimen, (b) Vein pattern, (c)
Amplified vein pattern, and (d) Shear bands on the specimen surface.(71)
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(a)

(b)

(c)

(d)

Figure 1:20 SEM micrographs revealing the tensile fracture feature of Zr-Cu-Al-Ni-Ti
BMGs, (a) Shear fracture of the tensile specimen, (b) Vein pattern, (c) Amplified vein
pattern, and (d) Shear bands on the specimen surfaces.(71)
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Figure 1:21 Illustration of critical fracture stresses of metallic glasses. (a) Critical shear
stress, τ0, without a normal stress; (b) critical shear-fracture stress, τC, under the condition
with a normal compressive stress, σC; (c) critical shear-fracture stress, τT, under the
condition with a normal tension stress, σT .(71)
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(a)

(b)

Figure 1:22 (a) Stress under compression could be divided into the normal stress
perpendicular to the fracture surface and the shear stress along the fracture surface (b)
Stress under tension could be divided into the normal stress perpendicular to the fracture
surface and the shear stress along the fracture surface.(71)
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Figure 1:23 Illustration of the variation of the normal and shear stresses, and fracture
stresses on the fracture plane of a specimen under tensile and compressive loading.(71)
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(a)

(b)

(c)

(d)

Figure 1:24 (a) Overall fatigue-failure surface of the Zr-Al-Ni-Cu with several crackinitiation locations on the notch surface; (b) fatigue-propagation region with fatigue
striations, (c) fast-fracture region with vein patterns, and (d) melting region with droplets.
(74)
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(a)

(b)

75 mm

(c)

75 mm

75 mm

Figure 2:1 (a) The arc-melt plus drop/suction casting system, (b) The copper mold for
drop casting, and (c) The copper mold for suction casting.(2)
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λ= 0.107Å, E = 115 keV

Two-dimensional (2D) detector (Mar345)
Figure 2:2 A schematic of the synchrotron-diffraction apparatus.
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Figure 3:1 Engineering stress-strain curves of (Zr55Al10Ni5Cu30)99Y1 BMGs with the
same strain rate for the loading and reloading processes. (a) 5 × 10-4 /s and (b) 10-2 /s.
Note that the stress decrease for the reloading than the loading, indicating the strain
softening during the plastic deformation.
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Figure 3:2 The amplified engineering stress-strain curves of (Zr55Al10Ni5Cu30)99Y1 BMGs
for the strain from 4% to 7% with different strain rates, including 5 ×10-4 /s and 10-2 /s.
Note that the decrease of the serration-stress-fluctuation ranges from 21 MPa to 15 MPa
for the strain rate of 5×10-4 /s and 10-2 /s, respectively.
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(Zr55Al10Ni5Cu30)99Y1
Strain rate = 5×10-4 /s

Loading Direction

(a)

(Zr55Al10Ni5Cu30)99Y1
Strain rate = 10-2 /s

Loading Direction

(b)

Figure 3:3 The ex-situ shear-band observation of (Zr55Al10Ni5Cu30)99Y1 BMGs after
deformation with different strain rates (a) 5 × 10-4 /s and (b) 10-2 /s. Note that the shearband step for the strain rate of 10-2 /s is larger than those of 5 ×10-4 /s, and the shearband density for the strain rate of 5 ×10-4 /s is lower than that for 10-2 /s.
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Figure 3:4 Free-volume changes of (Zr55Al10Ni5Cu30)99Y1 BMGs before and after
deformation with different strain rates. (a) As cast, (b) After deformation with the low
strain rate of 5 × 10-4 /s, and (c) After deformation with the high strain rate of 10-2 /s.
Note that the free-volume increase is more significant at the high strain rate than at the
low strain rate.
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Figure 3:5 Synchrotron-diffraction patterns before and after deformation with the
different strain rates. (a) Before deformation (Red), (b) After deformation with the low
strain rate of 5 × 10-4 /s (Blue), and (c) After deformation with the high strain rate 10-2 /s
(Green). Note that there is no clear crystallization phase formation even after the
deformation with different strain rates.
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Figure 3:6 Engineering stress-strain curves of (Zr55Al10Ni5Cu30)99Y1 BMGs at various
combinations of the strain rates for the loading and reloading. (a) Decreased strain rates
from 10-3 /s to 5 × 10-4 /s and (b) Increased strain rates from 10-3 /s to 10-2 /s. Note that
for the decreased strain-rate combination, the stress for the reloading process is higher
than that for the loading process, which is strain-hardening dependent on the strain rate.
For the increased strain-rate combination, the stress for the reloading process is lower
than that for the loading process, which is strain-softening dependent on the strain rate.
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Figure 4:1 Engineering stress-strain curves of Cu45Zr47.5Ag7.5 BMGs with the same strain
rate for the loading and reloading processes. (a) 8 × 10-4 /s and (b) 1.58 × 10-2 /s. Note
that the strain softening happens during deformation with the strain rate of 8 × 10-4 /s,
accompanied by the stress decrease of ~ -28 MPa, and the strain hardening happens
during deformation with the strain rate of 1.58 × 10-2 /s, accompanied by the stress
increase of ~ 26 MPa.
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Figure 4:2 DSC results of Cu45Zr47.5Ag7.5 BMGs before and after deformation (a) Before
deformation, (b) 8 × 10-4 /s, and (c) 1.58 × 10-2 /s. Note that the free-volume increase
after deformation, but the free-volume increase after deformation with the low strain rate
is more significant than that with the high strain rate. The crystallization-peak area
decreases after deformation, but the peak-area decrease at the high strain rate is more
significant than that at the low strain rate.
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Figure 4:3 Synchrotron diffraction of Cu45Zr47.5Ag7.5 BMGs before and after deformation
to a plastic strain of ~ 40 - 60% with the strain rate of (a) before deformation, (b) after
deformation with the strain rate of 8 × 10-4 /s, (c) after deformation with the strain rate of
1.58 × 10-2 /s, and (d) synchrotron diffraction of Cu45Zr47.5Ag7.5 BMGs before and after
deformation with different strain rates. Note that the microstructure before and after
deformation with the low strain rate is amorphous. However, the microstructure after
deformation with the high strain rate has some crystallization peaks superimposed on the
amorphous peak. It indicated that there is some crystallization after deformation with the
high strain rate.
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Figure 5:1 Continuous heating DSC curves of metallic glasses at different heating rates (a)
(Zr55Al10Ni5Cu30)99Y1 and (b) Cu45Zr47.5Ag7.5. Note that the supercooled-liquid region of
(Zr55Al10Ni5Cu30)99Y1 is wider than that of Cu45Zr47.5Ag7.5 (~ 23 K), indicating that
(Zr55Al10Ni5Cu30)99Y1 has a higher thermal stability than Cu45Zr47.5Ag7.5 on continuous
heating.
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Figure 5:2 Kissinger plots of metallic glasses (a) (Zr55Al10Ni5Cu30)99Y1 and (b)
Cu45Zr47.5Ag7.5. Note that the glass-transition-activation energy of (Zr55Al10Ni5Cu30)99Y1
is much higher than that of Cu45Zr47.5Ag7.5, indicating that it is much more difficult for
(Zr55Al10Ni5Cu30)99Y1 to relax than Cu45Zr47.5Ag7.5. The crystallization and peakactivation energies of Cu45Zr47.5Ag7.5 are higher than (Zr55Al10Ni5Cu30)99Y1, suggesting
that the crystallization growth of Cu45Zr47.5Ag7.5 is faster than that of
(Zr55Al10Ni5Cu30)99Y1.
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Figure 5:3 The crystallized fraction as a function of temperature of metallic glasses at
different heating rates (a) (Zr55Al10Ni5Cu30)99Y1 and (b) Cu45Zr47.5Ag7.5. Note that at the
same heating rate, the crystallization temperature of (Zr55Al10Ni5Cu30)99Y1 to obtain the
same crystallization fraction is higher than that of Cu45Zr47.5Ag7.5, also indicating that
(Zr55Al10Ni5Cu30)99Y1 has a higher thermal stability on the continuous heating.
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Figure 5:4 The activation energy, Ec, versus crystallized fraction, x, obtained from the
continuous heating DSC scan (a) (Zr55Al10Ni5Cu30)99Y1 and (b) Cu45Zr47.5Ag7.5. Note that
the activation energy of (Zr55Al10Ni5Cu30)99Y1 increases as the crystallization fraction
increases. However the activation energy of Cu45Zr47.5Ag7.5 has the maximum value at
the crystallization fraction of ~ 40. This trend also suggests that the crystallization growth
is easier for Cu45Zr47.5Ag7.5 than (Zr55Al10Ni5Cu30)99Y1.
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Figure 5:5 Iso-thermal heating DSC curves of metallic glasses at different temperatures (a)
(Zr55Al10Ni5Cu30)99Y1 and (b) Cu45Zr47.5Ag7.5. Note that for both metallic glasses, the
exothermal heat for the metallic glass at the high temperature is more than at the low
temperature.
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Figure 5:6 The crystallized fraction as a function of the annealing time of metallic glasses
at different temperatures (a) (Zr55Al10Ni5Cu30)99Y1 and (b) Cu45Zr47.5Ag7.5. Note that at
the same temperature, the incubation time of (Zr55Al10Ni5Cu30)99Y1 is much longer than
that of Cu45Zr47.5Ag7.5.
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Figure 5:7 Avrami plots of metallic glasses at different temperatures (a)
(Zr55Al10Ni5Cu30)99Y1 and (b) Cu45Zr47.5Ag7.5. Note that the slope of the Avrami exponent
of Cu45Zr47.5Ag7.5 is much higher than that of (Zr55Al10Ni5Cu30)99Y1.
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Figure 5:8 The Avrami exponents of metallic glasses derived from JMA equation at
different temperatures (a) (Zr55Al10Ni5Cu30)99Y1 and (b) Cu45Zr47.5Ag7.5. Note that at the
same temperature, the Avrami exponent of Cu45Zr47.5Ag7.5 is much higher than
(Zr55Al10Ni5Cu30)99Y1, indicating that (Zr55Al10Ni5Cu30)99Y1 has much a higher thermal
stability than Cu45Zr47.5Ag7.5.
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Figure 5:9 Activation energy, Ec, versus crystallized fraction, x, obtained from isothermal
DSC scans (a) (Zr55Al10Ni5Cu30)99Y1 and (b) Cu45Zr47.5Ag7.5. Note that the activation
energy of (Zr55Al10Ni5Cu30)99Y1 is much higher than (Zr55Al10Ni5Cu30)99Y1 at all the
crystallization volume percentages, suggesting that (Zr55Al10Ni5Cu30)99Y1 has a better
thermal stability.
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( Zr 58 Ni 13.6 Cu 18 Al 10.4 ) 99 Nb 1

Heat Flow, a. u.

-10
-12
Tg
-14
-16
-18
-20

(a)
640

680

720

760

800

Temperature, K

(Zr58Ni13.6Cu18Al10.4)99Nb1

(b)

Figure 6:1 (a) DSC curve for the (Zr58Ni13.6Cu18Al10.4)99Nb1 BMGs, (b) HRTEM image
of (Zr58Ni13.6Cu18Al10.4)99Nb1 BMG. Note that the arrows indicate the nano-crystalline
particles.
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(Cont’d) (c) XRD pattern for the (Zr58Ni13.6Cu18Al10.4)99Nb1 BMG.

194

1,800
Zr41.25Ti12.75Cu12.5Ni10Be22.5 BMG
with Zr-Ti-Nb ductile phase, Flores et al

Stress Range, MPa

1,600
1,400

Zr41.25Ti12.75Cu12.5Ni10Be22.5 BMG, Gilbert et al

1,200
1,000

(Zr58Ni13.6Cu18Al10.4)Nb1

800
600
400
200
0
2
10

3

10

4

10

5

10

6

10

7

10

8

10

Cycles to Failure, Nf

Figure 6:2 Stress-life data of the (Zr58Ni13.6Cu18Al10.4)99Nb1 bulk-metallic glass, which is
compared with the fatigue-endurance limits of the Zr41.25Ti13.8Cu12.5Ni10Be22.5 BMG and
Zr41.25Ti13.8Cu12.5Ni10Be22.5 BMG reinforced by the Zr-Ti-Nb ductile phase.(16-18)
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Figure 6:3 (a) Shear bands on the tension surface by the optical microscopy (OM), (b)
The inclined and straight shear band having an angle larger than 45° on the tension
surface, (c) Shear bands on the compression surface by OM, (d) The inclined and straight
shear band having an angle smaller than 45° on the compression surface, (e) Microcracks
formed at the shear-off steps, and (f) Branched shear bands and cracks, evidence of the
plastic deformation, tested at σr = 519 MPa, σr = σmax. – σmin..
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Figure 6:4 (a) Overall fatigue morphology of the (Zr58Ni13.6Cu18Al10.4)99Nb1 bulk-metallic
glass, (b) The boundary between the crack-propagation and the fast-fracture regions, and
(c) Crack-propagation region
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Figure 6:5 Schematic illustration of a fatigue-failure surface and the calculated toughness
of the (Zr58Ni13.6Cu18Al10.4)99Nb1 bulk-metallic glass.
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Figure 7:1 Three sections divided by the inner and outer pins. Note that the A section has
the largest momentum, then the B section, and the lowest for the C section.
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Figure 7:2 Surfaces of the different sections after fatigue tests under the stress of 519
MPa and the fatigue cycle of 107 (a) A section, (b) B section, and (c) C section. Note that
shear bands formed during fatigue tests. The shear-band density is highest for the A
section, then the B section, and the lowest for the C section.
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Figure 7:3 The crystallization peak upon heating with 20 K/s after fatigue tests (a) A
section, (b) B section, and (c) C section. Note that the A section has the smallest
crystallization-peak area, then the B section, and the largest for the C section.
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Figure 7:4 (a) Compression stress vs. strain curves for A, B, and C sections, and (b)
Amplified stress vs. strain curves for A, B, and C sections. Note that the C section has the
largest stress-fluctuation range, then B section, and the smallest for the A section.
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Figure 7:5 Shear-band observations after compression tests (a) A section with more
homogeneous deformation, (b) B section, and (c) C section with more inhomogeneous
deformation. Note that the A section has the highest shear-band density, then the B
section, and the lowest for the C section.
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Figure 7:6 Fracture surfaces for A, B, and C sections after compression tests. (a1) Vein
pattern in the A section, (a2) Melting in the A section, (b1) Vein pattern in the B section,
(b2) Melting in the B section, (c1) Vein pattern in the C section, and (c2) Melting in the
C section Note that the temperature increase becomes more and more significant as the
order of A, B, and C sections. The A section has the lowest vein-pattern fraction on the
fracture surface, then the B section, and the highest for the C section.

205

Chapter 8:

(a)

Relative Intensity

Zr50Al10Cu37Pd3

20

30

40

50

60

70

80

2θ (degree)
Zr50Al10Cu37Pd3

(b)

Figure 8:1 The X-Ray diffraction for the Zr50Al10Cu37Pd3 BMG; and (b) High- resolution
transmission-electron microscopy (HRTEM) and selected-area-diffraction (SAD) images
of Zr50Al10Cu37Pd3 BMG. Note that the circle indicates the nano-particles
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Figure 8:2 The comparison of the stress range versus life data of the Zr50Al10Cu37Pd3
BMG under compression-compression and tension-tension fatigue tests and
Zr41.25Ti14.76Ni10Cu12.6Be22.5 BMG under compression-compression, four-point-bend, and
tension-compression fatigue tests
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Figure 8:3 (a) The near-45° shear fracture; (b) The shear bands on the surface of the
specimen; (c) The crack on the top of the specimen; and (d) The crack at the bottom of
the specimen. The maximum stress = 1,806 MPa
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Figure 8:4 The schematic of the fracture under different stress states
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Figure 8:5 (a) No fatigue striations in the crack-propagation region; (b) The crackpropagation region near the fast fracture; (c) The boundary between the crackpropagation region and the fast-fracture region; (d) Fast-fracture region; (e) The
boundary between the fast-fracture and the local-melting regions; and (f) The melting
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Figure 9:1 Stress ratio/fatigue life curves: (a) compression-compression loading, and (b)
four-point-bend loading.
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Figure 9:2 Stress ratio/fatigue life curves: (Red) compression-compression loading, (Blue)
and four-point-bend loading. The fatigue life and fatigue-endurance-limit under
compression-compression loading is much longer than four-point-bend loading.
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Figure 9:3 Statistics analysis for the linear relationship between stress ratios and fatigue
cycles to failure under different loading modes, including compression-compression (CC),
and four-point bend (4PB) loading.
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Figure 9:4 Logistic regression for the fatigue data of bulk-metallic glasses with different
compositions under different loading modes: (Red) compression-compression loading,
and (Blue) four-point-bend loading. Note that the failure probability at the same stress
ratio under compression-compression cyclic loading is lower than that under four-pointbend cyclic loading is highest. Thus, at the same stress ratio, compression-compression
cyclic loading should have the longer fatigue life than the four-point-bend fatigue, which
is in agreement with the stress ratio and fatigue cycle’s curves.
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Figure 9:5 Statistics analysis for the logistic regress between failure probability and stress
ratio under different loading modes including compression-compression (CC), and fourpoint bend (4PB).
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Figure 9:6 Stress ratio/fatigue life curves: (Red) compression-compression loading, (Blue)
four-point-bend loading, and (Black) tension-tension loading. Note that the stress
ratio/fatigue life The fatigue life under tension-tension loading is mediate. The fatigue
life under four-point-bend loading is the shortest. The fatigue-endurance-limit has the
similar trend.
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